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ABSTRACT 
Mathematical optimisation models are seldom used in making maintenance decisions 
regarding construction equipment. The reason for this could be, simply, the lack 
of such models for maintenance of construction equipment compared to those in 
other areas such as industrial equipment- maintenance. Most of the general 
mathematical models proposed for industrial equipment maintenance could not be 
used for construction equipment due to the current state of poor record keeping and 
narrowly defined maintenance policies currently existing in construction equipment 
companies. However, some optimisation techniques, such as Simulation, seem to 
have potential applications in optimising certain maintenance activities of construction 
equipment. Also the willingness of equipment managers to adopt realistic 
optimisation techniques indicates the current need for research in construction 
equipment maintenance. 
In the area of replacement analysis of construction equipment, there exist a number 
of mathematical models proposed by previous researchers. However, the use of 
such models in real practice is not significant. This could be due to the fact that those 
models do not consider several real issues which are most important in making actual 
replacement decisions regarding construction equipment. In spite of the amount of 
work done by previous researchers, there exists the need for a more realistic 
replacement model for construction equipment. 
The main objective of this research, therefore, was to develop two complementary 
practical mathematical models, one for maintenance optimisation and the other for 
replacement analysis of construction equipment. 
The maintenance model can simulate the equipment-repair crew system of an 
equipment company in order to establish the relationship between equipment 
downtime and repair crew size. This relationship can be used to determine the 
optimum repair crew size giving the minimum total cost of equipment downtime and 
repair crew. Prior to the construction of the maintenance model, a study on failure 
characteristics of construction equipment was undertaken with the aim of identifying 
the random failure patterns, repair time distributions and other related statistics. 
The replacement model uses the technique of Integer Linear Programming to find the 
optimum replacement strategy for equipment with the objective of either cost 
minimisation or profit maximisation. Unlike the previous replacement models, the 
u 
present model considers a group or the whole'equipment fleet of a company in the 
analysis together with many real life constraints and factors which influence the actual 
equipment replacement decisions. 
The models were applied to two different case studies to check their validity. These 
case studies showed that the models were practical and could be used by equipment 
managers to increase the profitability of their companies. 
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CHA? TER ONE 
INTRODUCTION 
1.1 Background 
1.2 Objectives 
1.3 Methodology 
1.4 Main Achievements 
1.5 Guide to the Thesis 
I 
1.1 BACKGROUND 
11istorical records show that the first Mechanical Construction Equipment was 
developed in the latter part of the last century (Larkin and Wood, 1975). As a result, 
mechanical equipment rapidly replaced animal drawn equipment used in construction 
projects taking months or even years off project durations. This enabled man to 
undertake massive civil engineering projects, which were almost impossible before, 
such as the Panama Canal built in the early part of the present century. 
The need for proper management of equipment was evident even in these early stages 
of construction equipment history. Management accounting and cost techniques were 
introduced to deal with construction equipment and words such as wear and tear, 
depreciation, obsolescence and interest rate became part of the equipment manager's 
vocabulary. The following comment, made by the editor of the Engineering News in 
December 1902, shows how the importance of proper management of construction 
equipment was recognized even then (Baker, 1902). 
' Contractors entering upon work new to them almost invariably under- 
estimate the charge that should be made against the plant; and at the end of the 
work oftenfind their sole profits are represented by the plant iiseýr, which, 
not infrequently, they never use again. It is therefore, not unusualfOr 
experienced contractors to charge thefidl cost of a plant to the particular 
contract upon which they propose using it. Not infrequently theyfail to be 
the lowest bidder in consequence, but they often have the satisfaction, grim 
though it is, of witnessing the bankruptcy of their successful (? ) competitor. ' 
Today, in the 1990's the sophisticated construction equipment seen in the industry 
show the rapid growth of equipment technology over the last 100 years. Although, 
people have realized the importance of equipment management, the amount of 
literature available on the subject and the current practices in equipment companies 
indicate that there has not been a significant growth in management techniques 
compared to the growth of equipment technology. On the part of equipment owners, 
the possession of sophisticated equipment alone is not sufficient to achieve 
profitability in their companies; there must be proper management of the equipment as 
well. It is, therefore, necessary to undertake research in this area to develop better 
management techniques for construction equipment. 
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Construction equipment management is a very broad subject; it includes such areas as 
acquisition, financing, selection, maintenance and replacement of equipment. 
Obviously, it is impossible for an individual to conduct research on each and every 
aspect of equipment management during a limited time period. Therefore, the 
management areas covered by this research are confined to the optimisation 
techniques used for replacement analysis and maintenance of construction equipment. 
F. W. Taylor (1923) was apparently the first to formulate a mathematical model for 
the Replacement Analysis of equipment. Terborgh (1949) introduced the concept of 
minimising the sum of capital cost and the cost of 'operating inferiority' as a result of 
equipment deterioration. 
Following the work of Terborgh many researchers such as Harris & McCaffer 
(1982), Collier (1984) and Peurifoy & Ledbetter (1985) formulated cost minimisation 
replacement models specifically for construction equipment. Most of these models 
considered that the owning and the operating costs of a particular machine were the 
only important variables in making the replacement decision. Douglas (1968) , 
bowever, introduced a model considering another variable, the profits from the 
equipment, and also the different objective of maximising the profits instead of 
minimising the costs. 
As Vorster & Sears (1987) suggested, all the previous replacement models such as 
the ones mentioned above, have not been widely accepted by construction equipment 
companies because these models have ignored too many important practical factors 
affecting the actual replacement decision of equipment. They proposed a new model 
considering one such important factor, the 'downtime cost', to the replacement 
analysis to make it more realistic. 
A recent survey undertaken in the USA (Tavakoli, Taye & Erktin, 1989) shows that 
only a small percentage of equipment companies used replacement models to 
determine the economic (optimum) life of construction equipment. A majority of 
companies replaced their equipment when the cost for necessary repairs seemed to be 
high. This clearly shows that hardly any of the existing replacement models have 
been accepted by the industry , and there is still a wide gap between the researchers 
who formulate replacement models and the equipment owners who make the actual 
replacement decisions. Therefore, in spite of the amount of work done by the 
previous researchers, there exists the need for a more realistic replacement model in 
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order to help the construction equipment owners make optimum replacement 
decisions. 
This research is not only confined to the replacement analysis but also considers the 
relatively unknown area of optimising construction equipment maintenance. There 
had been very little work on optimisation techniques in construction equipment 
maintenance compared to that on replacement analysis. The inventory model 
proposed by Harris & McCaffer (1982) is, perhaps, the only optimisation model in 
this area. However, in the other areas, particularly in industrial equipment 
maintenance, some optimisation models have been introduced by Morse (1958), 
Jardine (1969), Kelly & Harris (1978) and others. However, the use of these 
models in making maintenance decisions seems to be rare among the industrial 
equipment managers. This could be due to the fact that maintenance has been 
considered as a 'necessary evil' by managers and as a result it has become a less 
important function (Husband, 1976). This situation is now changing and people 
have begun to realize the potential of optimisation techniques in maintenance of 
industrial and transport equipment (Muthukumaran et al, 1984; and Rueda & Miller, 
1985). 
Ile literature survey and discussions undertaken by the author proved that apparently 
no equipment manager was using optimisation techniques for maintenance 
optimisation of construction equipment; and in fact, there were very few mathematical 
models used in making maintenance decisions. For example, the number of repair 
personnel required for the equipment fleet is determined by the equipment managers' 
experience alone. Again, the reason for this appears to be that maintenance is 
considered as a rather under-valued function in construction equipment companies. 
However, the willingness of the managers to adopt realistic optimisation techniques 
indicates the current need for research in equipment maintenance in order to propose 
practical optimisation models to increase the profitability in equipment companies. 
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1.2 OBJECTIVES 
The previous discussion shows the current need for practical optimisation models for 
replacement and maintenance of construction equipment. Therefore, the main 
objective of this research was to develop two complementary practical mathematical 
models, one for maintenance optimisation and the other for replacement analysis of 
construction equipment. 
The research also had the following sub - objectives which had to be achieved in 
order to accomplish the main objective: 
(a) To examine the current construction equipment practices of plant hire and 
contracting companies, particularly in the areas of maintenance and 
replacement of equipment. 
(b) To study the existing mathematical models for maintenance of general 
industrial equipment, and to investigate the feasibility of applying them to 
construction equipment maintenance. 
(c) To study the existing mathematical models for replacement of construction 
equipment and to identify the shortcomings of those models and the 
requirements of a better model. 
(d) To collect equipment data and to examine the failure and repair 
characteristics of construction equipment. 
(e) To validate the developed maintenance and replacement models using case 
studies. 
(f) To suggest the necessary steps to be taken by equipment owners in order 
to use mathematical models in making equipment maintenance and 
replacement decisions. Also, to identify the future work needed for 
further development of the maintenance and replacement models. 
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1.3 METHODOLOGY 
To achieve the objectives stated in the previous section, within the limited period of 
the research, it was necessary to divide the total work to be undertaken into six 
phases. The first phase was the literature review and it was done in a period of six 
months. 
Two questionnaire surveys on construction equipment practices were conducted with 
plant hire and contracting companies in the UK and Sri Lanka. During the same 
period visits were made to equipment companies to get a better understanding of 
equipment management. 
Prior to the construction of the maintenance model, general failure data of equipment 
were collected from six companies in Sri Lanka. During the same period, the 
maintenance optimisation model was developed, and for the purpose of validating the 
model, the required data were collected from a different company. The total time 
spent on collecting data for the maintenance model was approximately 18 months. 
The replacement model was then developed, and the data required for validating the 
model were collected from a large equipment company in the UK. Also, personal 
interviews were again made with plant experts to obtain their opinion on the model. 
Finally, the maintenance and replacement models were applied to two actual case 
studies. 
Table 1.1 shows the main work tasks undertaken under this research, together with 
the corresponding aims of those work tasks. 
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Table 1.1 Main Work Undertaken 
Phase Work Undertaken 
1 
2 
3 
4 
5 
6 
Literature review- Books 
and Journals reviewed 
Questionnaire surveys and 
personal interviews 
Collection of general 
equipment Data - 
-undertaken in Sri Lanka 
Development of the maint- 
enance model & collection 
of data for a case study 
- undertaken in Sri Lanka 
Development of the 
replacement model & 
collection of data for a 
case study 
- undertaken in the UK 
Application of the maintenance 
and replacement models 
to the case studies 
Aim 
To study construction equipment 
management methods, and to study 
the existing mathernafical models 
for replacement and maintenance 
To study the curren 
*t 
equipment 
practices, particularly in the areas 
of maintenance and replacement, 
of plant hire companies and 
contractors in the UK & Sri Lanka 
To study the failure characteristics 
of construction equipment 
To build a practical mathematical 
model to find the optimum repair 
crew size in an equipment company, 
and to collect data for the 
validation of the model 
To construct a practical replacement 
model to find the optimum retention 
periods for construction equipment, 
and to collect data for the 
validation of the model 
To check the validity of the 
models 
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1.4 MAIN ACHIEVEMENTS 
The main achievements of this research are given below. 
(1) A better understanding of the current equipment -practices of plant hire 
companies and contractors in the UK and Sri Lanka, was gained. The 
current need for realistic optimisation models for replacement analysis and 
maintenance was identified. 
(2) The review of the existing mathematical models gave the author a better 
knowledge of optimisation techniques, which could be used in managing 
construction equipment. This review , together with the questionnaire 
surveys and personal interviews helped to identify the extent of use and 
shortcomings of these models, and the difficulties in applying them in 
maintenance optimisation and replacement analysis of construction 
equipment. 
(3) Some important characteristics regarding equipment failure and repair were 
discovered in this research. The probability functions of the failure rate of 
equipment were found to be Exponential, and the repair times were 
distributed according to the Weibul distribution. The average number of 
personnel per repair was found to be approximately three, irrespective of 
the type of equipment considered. 
(4) Using the technique of Simulation, a practical maintenance model was 
developed, which could simulate the equipment-repair crew system of an 
equipment company to find the optimum repair crew size. An actual case 
study proved the validity of this model. 
(5) The developed replacement model was found to be better than the existing 
replacement models in making actual replacement decisions as it considered 
important real life constraints which have been ignored by previous models. 
The application of this model to an actual case gudy showed that it could 
give practical solutions to replacement problems. 
(6) The steps to be taken by plant hire companies, contractors and equipment 
manufacturers for further research and development of optimisation models 
in the areas of equipment maintenance and replacement were identified. 
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1.5 GUIDE TO THE THESIS 
This thesis begins with background information on construction equipment, 
identifying the need for optimisation models for making management decisions in 
plant hire and contracting companies. The -equipment management areas being 
considered are confined to the maintenance and replacement of construction 
equipment. Chapter I also contains the objectives of this research, the methodology 
to achieve these objectives and the main achievements of the research. 
Chapter 2 of the thesis exan-dnes the current maintenance and replacement practices of 
construction equipment. Section 2.2 is a review of the maintenance aspects such as 
the types of maintenance, planning and control of maintenance resources, record 
keeping, and the causes of equipment downtime. It also reports the replacement 
practices such as the factors influencing the replacement decision, replacement 
timing, selection and financing of equipment. The second part of the chapter 
describes the results of two questionnaire surveys undertaken in the UK and Sri 
Lanka. A comparison between these surveys and three other such surveys done in 
the USA is also given. Finally, it presents the results of personal interviews 
undertaken with equipment companies to gather information which are not covered 
by the above questionnaire surveys. 
The main objective of this research was to develop two complementary mathematical 
models for maintenance optimisation and replacement analysis of construction 
equipment. This necessitated a thorough study of such models which are already 
available. Therefore, Chapter 3 describes some of the models available for 
maintenance optimisation and replacement analysis. As two of these models were 
highly mathematical, it was difficult to explain them briefly in this chapter. 
Therefore, more information on these models is included in the Appendix B. 
Chapter 4 investigates the maintenance optimisation techniques available for industrial 
equipment and examines the possibility of applying them in construction equipment 
maintenance. It gives a brief account on the steps to be taken by plant companies in 
record keeping and collecting equipment data for the successful application of 
mathematical models in construction equipment maintenance. A new maintenance 
model is proposed by the author, and the collection of equipment data necessary 
for both model building and validation is also explained. The second half of the 
chapter critically examines the replacement models presented in Chapter 3 and 
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identifies the main reasons for the low use of those models in practice. A new 
replacement model is proposed considering the real issues which are most important 
in making replacement decisions, and the collection of data required for validation of 
this model is also described. 
The failure characteristics of construction equipment is an area where there has been 
little previous research. Chapter 5 explores this new area by analysing the failure 
characteristics such as the rate of random failure and times for repair of construction 
equipment. Data collected for certain types of equipment are statistically analysed and 
presented in this chapter. 
'Me development of the proposed maintenance model is described in Chapter 6. It 
starts with a brief introduction to the technique of simulation, and then considers the 
specific maintenance area of the model, the equipment repair function, giving a 
detailed account on the construction of the computer simulation model. This 
computer model would be able simulate the equipment-repair crew system of an 
equipment company to find the optimum size of the repair crew. 
Chapter 7 describes the development of the equipment replacement model. The 
technique used in the model is Integer Linear Programming (ILP) which is briefly 
described at the beginning of the chapter. The replacement model was developed for 
both cost minimisation and profit maximisation objectives. The new concept of 
incorporating real life constraints into the replacement analysis is also presented. 
Finally, the use of a software package in obtaining the solution to the ILP 
replacement model is discussed. 
Chapter 8 contains the methods which could be used to determine the input 
parameters of the replacement model. This chapter is intended to supplement Chapter 
7 by explaining the economic theory underlying the replacement analysis; the time 
value of money, effects of inflation and obsolescence are also discussed. 
The validity of the models were checked using two real case studies. The results of 
these validation procedures for both maintenance and replacement models are 
presented in Chapter 9. 
The final chapter (Chapter 10) draws conclusions on the research considering the 
results obtained in the previous chapters. It gives recommendations regarding the 
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implementation of the proposed models and suggests further work which needs to be 
undertaken. 
Additional information relevant to this research is presented in six appendices. The 
questionnaire used for investigating current practices in equipment companies is 
presented in Appendix A. The mathematical formulae of two replacement models are 
contained in Appendix B. Specimens of data sheets, used for collecting data for the 
maintenance and replacement models, are given in Appendix C. Appendix D contains 
failure data of equipment. Delay-time distribution for the case study and the 
equipment downtimes obtained from the maintenance model are also'presented in this 
appendix. The standard statistical tests and the interest formulae used in this research 
are briefly explained in Appendix E, and the input data for the replacement model 
including cost, revenue and profit curves are presented in Appendix F. 
Figure 1.1 shows the general layout of the Thesis. 
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2.1 INTRODUCTION 
Construction equipment practices include decision making in such areas as acquisition, 
financing, maintenance and replacement of equipment. The profitability of a plant hire 
company is entirely dependent upon the profits from its equipment. Even in a 
contracting company, with heavy investments in equipment, the profitability depends to 
a great degree on the company's equipment costs. Therefore, any company, either plant 
hire or contractor, should have logical and cost effective equipment practices, if the 
profits of the company are to be maximised. 
This chapter identifies the current construction equipment practices in plant hire and 
contracting companies. The chapter can be broadly divided into three sectors: a literature 
review; a questionnaire survey; and personal interviews. 
The first part of the chapter takes the form of a literature review which briefly 
introduces the basic equipment maintenance and replacement aspects of equipment 
companies. The maintenance aspects such as the types of maintenance, the causes of 
equipment downtime, maintenance resources planning and control, record keeping and 
the use of computers are considered in this study. The equipment replacement aspects 
considered are the factors which influence the replacement of equipment, replacement 
timing of equipment, normal equipment retention periods, the selection of the 
replacement equipment and the financing methods available for purchase of equipment. 
Secondly, the results of a questionnaire survey undertaken in the UK are explained. 
The aspects examined by the questionnaire are similar to the literature review, however, 
the equipment companies were asked certain additional questions to obtain a complete 
picture of the current equipment practices. This section also contains a comparison of 
the construction equipment practices of companies in the UK, the USA and Sri Lanka. 
This survey provided the basic framework on which an understanding of plant 
management was gained. This understanding was essential to the major part of the 
work which follows. It was not intended to be a comprehensive investigation of the 
detailed procedures undertaken by plant companies. 
Finally, the chapter describes the results of personal interviews with plant hire and 
contracting companies both in the UK and Sri Lanka. The main objective of these 
personal interviews was to support the findings of the questionnaire surveys and also to 
determine any other maintenance and replacement practices which had not been covered 
by the questionnaires. 
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2.2 EQUIPMENT MAINTENANCE AND REPLACEMENT 
PRACTICES -A REVIEW 
2.2.1 Maintenance Practices 
The prime objective of maintenance is to keep the equipment in good, serviceable 
condition. Therefore, equipment maintenance is a vital function in any contracting or 
plant hire company. This function includes all the activities such as daily and 
periodic inspection, lubrication, servicing, repairs and periodic overhauls. 
The basic forms of maintenance include (Harris & McCaffer, 1982): 
(1) Planned preventive maintenance. 
(2) Planned corrective maintenance. 
(3) Unscheduled or Unplanned maintenance including repairs. 
2.2.1.1 Planned Preventive Maintenance 
The old adage 'Prevention is better than cure', is the first principle of preventive 
maintenance. Planned preventive maintenance of construction equipment includes 
inspection, adjustment or tightening routines of equipment components at prescribed 
intervals in order to prevent any premature failure. These intervals are usually based 
on previous performance of equipment and experience gained in the past (Tucker, 
1980). 
Components of construction equipment may fail unexpectedly well before they reach 
the end of their anticipated life. Inspections at predetermined intervals could, 
therefore, help to identify such problems and initiate remedial actions before any 
catastrophic failure occurs. This is important, because damage to a minor component 
can cause the total failure of a machine. 
The time interval between inspections could be in days , weeks or even months 
depending on the type of checks performed in the inspection. For example, daily 
inspection of equipment may include checking of (Douglas, 1975): (1) air pressure 
in tyres; (2) fuel level; (3) crank case oil level; (4) coolant level; (5) battery water, 
(6) leaks; (7) any obviously broken or defective parts noted by walking around the 
machine; (8) safety items such as brakes, lights and hom. 
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An example for a longer period inspection is the 'Oil Analysis', which is considered 
by many equipment owners as an essential part of preventive maintenance (Con. 
Plant & Equip., 1987-a). The aim of this is to monitor the rate of wear of certain 
components such as the Engine, Transmission, Final Drive and Hydraulic system. 
This enables the engineers to predict and, to some extent, diagnose the cause of 
failure before it occurs. Thus, shut-downs can be planned for necessary maintenance 
at convenient times with the least consequential costs. 
The other planned preventive maintenance procedures are the adjustment and 
tightening routines performed at fixed intervals, and these may include brake 
adjustment, wheel-nut tightening, track tensioning and the like. 
Planned preventive maintenance may also include the following aspects of equipment 
maintenance: 
(1) Lubrication and Greasing. 
(2) Replenishment of consurnables such as Filters. 
(3) Periodic Servicing. 
(4) Periodic Overhauls. 
The periodic servicing may be carried out at intervals of machine operating hours 
such as 100 hr., 250 hr., 500 hr., 1000 hr. and so on. These intervals depend on 
factors such as the type, make and model of the equipment. Equipment manufacturers 
usually supply service manuals describing how often their machines should be 
serviced and procedures to be adopted for each type of service. Very often these 
services include lubrication, greasing and filter replacement even though they are 
listed above, as separate maintenance activities. 
Periodic overhauls are undertaken to improve the mechanical performance of 
deteriorated equipment. The overhaul could be for an individual component or could 
be for the whole machine. 
It is possible to combine some of the preventive maintenance activities together to 
form an Integrated Maintenance System (Tucker, 1980). Ibbs and Terveer (1984) 
describe such an integrated preventive maintenance system which is being used by a 
large American quarrying firm. Ibis system is said to have benefits such as reduced 
unscheduled downtime, increased equipment availability, increased maintenance 
resources efficiency and more accurate predictability of inventory demand 
requirements. 
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2.2.1.2 Planned Corrective Maintenance 
There are certain types of failure of equipment component which may not cause total 
stoppage of work. For example, a piece of equipment may still function with a failed 
starter motor or a damaged bucket. Therefore, repairs of this nature can be planned to 
be performed at convenient times, usually during a service period, after shift hours or 
when the equipment has no scheduled work. This type of maintenance activities is 
called planned corrective maintenance. 
This type of maintenance may also include repairs resulting from the preventive 
maintenance system such as the repairs recommended by the 'Oil Analysis'. These 
could also be the necessary body repairs to components like Hand rails, Foot holds, 
Operator's cab, and other minor works which are planned in advance to be carried 
out at convenient times. 
A major overhaul on a piece of equipment can also be considered as a planned 
corrective maintenance activity, because it is undertaken at a predetermined time, 
usually after the dudes of the equipment are completed. 
2.2.1.3 Unscheduled Maintenance (Unplanned Maintenance) 
In unscheduled maintenance, some maintenance activities such as essential lubrication 
are performed at unspecified intervals and the repairs are usually undertaken only 
when a piece of equipment breaks down (Douglas, 1975). However, sometimes 
repairs may also be done on a machine when a component is malfunctioning and the 
mechanical performance of the machine is unacceptable. 
An unexpected failure of a machine can occur at any time and unscheduled 
maintenance in such a case is unavoidable. Therefore, all equipment companies win 
have to carry out unscheduled maintenance to a certain extent. However, a 
maintenance policy which is completely unscheduled is not usually recommended. 
This is particularly so when the machines are key items of a construction process or 
when there are possible safety hazards arising from unscheduled maintenance. 
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2.2.1.4 Causes of Equipment Downtime 
Some of the main causes of equipment downtime are (Pathmanathan, 1980) given 
below. 
(1) Poor maintenance and lack of planned maintenance. 
(2) Scarcity of spare parts. 
(3) Insufficient number of maintenance and repair personnel. 
(4) Insufficient shop tool inventory . 
(5) Abuse/misuse of equipment. 
(6) Operator inefficiency. 
Poor maintenance is the main cause of equipment downtime . Also, according to 
Pathmanathan (1980) , the majority of such breakdowns are related to the engine of 
the equipment. 
The next most influential factor for increased downtime is the lack of good spare 
parts inventories. The downtime is simply caused by waiting for spare parts needed 
for a repair. 
Insufficient numbers of maintenance and repair personnel also contributes to 
equipment downtime. This is especially so when an unexpected breakdown occurs 
on a vital machine , while simultaneously the repair gang is engaged in the repair of 
another vital machine. It is obvious that postponing either of these operations is 
costly. 
The lack of a sufficient shop tool and equipment inventory may also cause downtime 
in a very similar way to that explained under the maintenance and repair personnel. 
Equipment such as overhead cranes and transporting vehicles can also be considered 
to fall into this category. 
The last two causes of downtime are not directly related to the maintenance function 
of a company, yet they may have a greater influence on the total equipment 
downtime. For example, the abuse or misuse of a machine can cause the least 
expected type of damage to a machine, for which the necessary spare parts may not 
be available in the company stores. In such a case the downtime of equipment is 
inevitable. Whereas, downtime due to operator inefficiency is simply due to the 
operator not working to time schedules. 
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2.2.1.5 Planning and Control of Maintenance Resources 
The basic maintenance resources are the labour, the spare parts and materials, and 
the maintenance equipment. Planning and control of these maintenance resources is 
extremely important because they can lead to substantial reduction of equipment 
downtime (Section 2.2.1.4). 
The planning and control of maintenance resources includes such decisions as the 
determination of the optimum number of maintenance personnel, the correct numbers 
and types of maintenance tools, and stocking adequate amounts of spare parts and 
maintenance materials. 
Maintenance managers have the options of making the above decisions either using 
some kind of mathematical technique or purely by experience (or perhaps both). 
However, the use of mathematical techniques for this purpose , as a decision making 
tool, is very rare among maintenance managers (Husband, 1976). Often, it is their 
experience which has the greatest influence in deciding the correct types and amounts 
of maintenance resources. (Some of the mathematical techniques available for 
maintenance decision making are briefly explained in Chapter 3. ) 
Construction equipment companies, usually, determine their maintenance and repair 
gang sizes in the light of experience, depending mainly on the company's 
maintenance policy and also on the size of their equipment fleet (Mead, 1986). The 
types and amount of maintenance equipment (shop tools) are also determined in a 
similar way. Whereas, the determination of the types and the stock levels of the 
spare parts also depend on other factors such as the time required to purchase and 
deliver the spare parts when they are needed (Harris & McCaffer, 1982). These 
spare parts and materials can be broadly categorised as: (1) fast moving items; (2) 
consurnables; and (3) specific spares. The equipment companies usually have good 
stocks of fast moving items and consurnables as they are used frequently. However, 
they keep specific items in very small stocks or none at all in cases of certain rarely 
used items. 
2.2.1.6 Maintenance Record Keeping and Use of Computers 
Equipment record keeping is not necessarily limited to maintenance records though 
maintenance records play an important role in making management decisions. Other 
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records include. operating hours, downtime, costs such as ownership costs, 
overheads, transport costs, operator wages and fuel costs, and revenue from 
equipment (Douglas, 1975). 
Douglas (1975) describes the uses of equipment records as: (1) analysis of equipment 
performance; (2) determination of equipment economic life and replacement timing; 
and (3) obtaining the true cost of a piece of equipment over its useful life. However, 
he does not explain the use of equipment records in maintenance management. 
Equipment records are very useful in making maintenance management decisions 
particularly in the areas of preventive maintenance and maintenance resource 
management (labour requirements and spares inventory control). 
In actual practice, equipment companies do not keep all the types of records 
mentioned above. The survey by Schexnayder and Hancher (1981) shows that a 
majority of USA contractors keep records of equipment operating hours, and labour 
and spare parts costs for each type of repair. However, records of fuel and other 
consurnables, operator wages and overheads are kept only by a minority (less than 
40%) of the companies surveyed. And very few contractors had records of 
ownership costs like Tax and Insurance. 
The computer is now becoming increasingly popular among equipment owners as a 
means of keeping and analysing equipment records (Plant Man. Jour., 1987). A 
recent survey (Tavakoli et al, 1989), done in the USA, shows that more than 75% of 
contracting companies used computers for equipment record keeping. Also, in the 
UK there are plant companies who use computer systems equipped with management 
software for general accounting, stock management, invoicing, hire and sales 
analysis etc. ( Plant Man. Jour., 1988). 
Therefore, it seems that plant hire and contracting companies have begun to realize 
the true potential of the computer as a record keeping and decision support tool for 
equipment management. In general, computers may be applied to equipment 
management in the following arears(Harris and McCaffer, 1982): 
(1) Basic accounting or book keeping. 
(2) Management accounting and information including: acquisition and 
disposal analysis, revenue and cost records, plant utilisation records, 
stock control and maintenance records. 
(3) Financial appraisal of equipment. 
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2.2.2 Replacement Practices 
2.2.2.1 Factors Influencing the Replacement Decision 
Like any other equipment, a piece of construction equipment deteriorates with use. 
As a result, the maintenance costs tend to increase and the equipment becomes less 
reliable. The reliability is a measure of the frequency of unexpected breakdown of 
the equipment. A less reliable old equipment item would usually have a higher 
breakdown rate than that of new equipment item. The consequences of these 
breakdowns are the disruptions to the construction work for which the equipment is 
being used and these disruptions in turn cause direct or indirect monetary losses to 
the equipment companies. 
Therefore, contracting and plant hire companies usually, replace their old equipment 
regularly after a number of years of ownership. This ownership or retention period 
for a particular type of equipment is not fixed and may vary from one owner to 
another. 
Maintenance costs and consequential costs due to breakdowns (downtime costs) are 
not the only factors influencing the replacement decision. Textbooks and research 
papers on construction equipment replacement suggest that the following factors 
might also influence the decision concerning the equipment replacement (Douglas, 
1975; Harris & McCaffer, 1982; Peurifoy & Ledbetter, 1985 
(1) Revenue 
(2) Maintenance and Repair costs 
(3) Downtime costs 
(4) Cost of Capital 
(5) Depreciation 
(6) Obsolescence 
(7) Inflation 
(8) Tax considerations and Capital Allowances 
Revenue is a very important factor in deciding the replacement age of equipment 
provided that there is direct income from the use of the equipment. T* his factor may 
be more relevant to plant hire companies and to subsidiary plant companies which 
operate as profit centres, however, it is of less importance to contracting companies 
with no direct income from their equipment. 
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Maintenance costs include expenditure on servicing, replacement of consurnables etc. 
whereas, repair costs are due to labour, spare parts and materials spent on necessary 
repairs of broken down equipment. As explained earlier downtime costs are the costs 
such as loss of production, delay in completion of the construction work, extra costs 
due to substitute equipment and overtime work caused by equipment breakdowns. 
The cost of capital is the interest paid on the money used for purchasing the 
equipment if the money has been borrowed from a bank or any other third party. If 
the company's own funds have been used for purchasing equipment then the cost of 
capital would be the profit that could have been made if invested elsewhere in the 
company's business. 
Depreciation is the loss of the resale value of equipment as a result of continued use. 
For example, if a piece of equipment is retained for one more year, the market value 
of the item would drop because of the deterioration caused by using it. 
Obsolescence is the fact that the newer equipment are superior, usually in 
productivity, than the older equipment , due to technological development. The 
obsolescence could be measured in terms of cost per unit output. It is believed that 
newer models of equipment give less cost per unit output than the earlier models. A 
survey done by Schexnayder and Hancher (1981) shows that in the USA, contractors 
believe the annual obsolescence rate to be in the range of 1% - 15% with a weighted 
average of 5.6%. 
Inflation is simply the increased price of the new machines (price increase could also 
be due to technological development). For example, in the USA, the annual growth 
of rate of inflation of all construction equipment in the period 1971 - 1981 was about 
9.8% (Schexnayder and Hancher, 198 1). 
Taxes and capital allowances also have some influence on the replacement decision. 
In the UK, some years ago, there was a tax relief of the taxable profits amounting to 
100% of the purchase price (capital allowance) in first year of ownership. This 
encouraged many contractors particularly large companies with sizeable turnovers to 
buy more and more equipment to replace their old equipment. However, the situation 
has now changed and the maximum annual capital allowance is 25% of the book 
value; and the corporation tax relief on this is 35% provided that a company has 
sufficient taxable profits to gain the benefit. 
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- 2.2.2.2 
Determining the Replacement Time of Equipment 
Although there are many factors which seem to influence the replacement decision, 
the actual replacement time of an equipment item is mainly dependant upon the 
company policy in this regard. This replacement policy may be more influenced by 
one or more of the factors listed in the previous section. However, the replacement 
policy of some companies may be based on a completely different criterion. 
A survey done in the USA (Hinze and Ashton, 1979) shows that the following 
criteria are used by contractors in determining the replacement time. 
(1) When the equipment becomes inefficient. 
(2) When the financial picture of the company is good. 
(3) Use economic study to find the economic life. 
(4) When the equipment becomes obsolete. 
(5) Before a new job or a major overhaul. 
Another survey undertaken by Tavakoli, Taye and Erktin (1989) gives the following 
as the methods used by contractors to determine the replacement time of equipment. 
(1) When the cost for necessary repairs are too high. 
(2) Determination of economic life by a quantitative method and replacement 
and replacement at the end of this life. 
(3) When the equipment costs reach a certain target value. 
Both above studies showed that the use of an economic study in determining the life 
of an equipment item is very low among the contractors. An economic study. is 
usually carried out using a mathematical model. There are mathematical models 
proposed by researchers like Douglas (1968), Harris & McCaffer (1982) and Collier 
& Jacques (1984) for determining the economic life of construction equipment. 
Some of these models which have added new knowledge to the replacement 
analysis, are explained briefly in Chapter 3. 
However, contractors who undertake replacement analysis may have their own 
mathematical models to find the economic life of equipment. For example, Tarmac: 
Construction Plant (Street , 1983) used to have a replacement model which was 
based on the maximum rate of return of the equipment. 
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2.2.2.3 Normal Retention Periods of Equipment 
The retention or ownership period of a piece of equipment depends on the type, 
make, model of the equipment and the type of application for which it is used. The 
retention period may also vary from one equipment company to another depending on 
their replacement policies. After a certain period of ownership, the owner decides to 
replace his equipment based on a certain criterion (Section 2.2.2.2) and his decision 
may be influenced by one or more of the factors listed in Section 2.2.2.1. 
Table 2.1 gives the normal retention periods for certain types of equipment for some 
contractors in the USA (Schexnayder and Hancher, 198 1). These retention periods 
are given both in operating hours and years. 
Some manufacturers publish guides for selecting ownership periods for different 
types of their equipment. Table 2.2 gives ownership periods recommended by the 
Caterpillar Tractor Company for some of their equipment (Caterpillar Performance 
Handbook, 1987). 
The corresponding figures for the ownership periods in Table 2.1 and Table 2.2 
show that companies may replace their equipment well before the period 
recommended by the manufacturers. However, some companies keep their 
equipment beyond the recommended periods. The reason for this may be the 
different policies regarding equipment replacement among the companies . However, 
it is interesting to note that the average equipment ownership periods of the 
companies , for most of the equipment, fall well within the band between the low and 
high ownership periods recommended by the manufacturers. 
Some textbooks on construction equipment also give estimated retention periods for 
different types of equipment. For example, Greene (1973) gives an'Estimated Life' 
for different types of equipment including not only Civil Engineering but also 
Building Construction Equipment such as Compressors, Concrete Mixers , Concrete 
Pumps and Hoists. 
Researchers like Douglas (1968) give'Optimurn Replacement Ages, determined by 
their mathematical replacement models, for some types of equipment. Douglas found 
that the optimum life of a certain type of transit concrete mixers was six years. Using 
the same model, Benjamin (1972) did a sensitivity analysis, in which he found that 
the optimum life of the above transit mixers was about five years. Schrader (1971) 
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used Douglas' model to find the optimum life of large scrapers and he showed that 
the optimum life was roughly two years. 
Selinger (1983) used his own mathematical model to find the economic service life 
(optimum life) of some building construction equipment. He recommends that the 
appropriate time to replace tower cranes is when the machine is 9- 12 years old. For 
concrete mixers the optimum life is 10 - 15 years, and hoists should be replaced 
when the age is between 8- 11 years. 
Table 2.1. Contractors' Normal Retention Periods of Equipment a 
Equipment 
Track-Type Tractors 
CAT D6 or equivalent 
CAT D7 or equivalent 
CAT D8 or equivalent 
Motor Graders 
CAT 12G or equivalent 
CAT 14G or equivalent 
Wheel Tractor-Scrapers 
CAT 621 or equivalent 
CAT 627 or equivalent 
CAT 613 or equivalent 
Wheel Loaders 
CAT 966 or equivalent 
Cranes (Hydraulic) 
Size 1 
Size 2 
Cranes (Cable) 
25 - 30 Ton 
30 - 45 Ton 
Operating Hours Years 
High Ave. Low High Ave. Low 
16800 10660 3500 
20000 12110 5000 
20000 12000 7000 
15.0 8.5 4.0 
12.0 8.3 4.0 
15.0 8.3 4.0 
20000 12440 5000 
20000 13320 8880 
20000 12210 7200 
20000 13500 10000 
20000 10390 6000 
25000 12130 4000 
20000 11700 4000 
20000 13000 4000 
25000 13500 4000 
25000 15700 4000 
Pickup Trucks (miles) 125000 91000 50000 
a source: Schexnayder & Hancher, (1981) 
20.0 9.7 5.5 
20.0 9.6 5.5 
20.0 7.7 5.0 
10.0 6.9 5.0 
12.5 7.6 4.0 
15.0 8.3 4.0 
25.0 11.1 7.0 
25.0 12.3 9.0 
25.0 15.0 9.0 
25.0 14.9 9.0 
8.0 4.2 2.0 
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However, these optimum replacement ages determined by mathematical models have 
been based on the assumptions made, at the time study, on certain factors such as the 
inflation rate and the interest rate. Therefore, those optimum values may not be the 
same in a changed economic environment. 
Table 2.2. A Manufacturer's Guide for Selecting Ownership Period a 
High Low 
(Hours) (Hours) 
Track-Type Tractors 
CAT D3 - D7 12000 8000 
CAT D8 - D9 15000 10000 
CATD10 22000 15000 
Motor Graders 20000 12000 
Excavators 12000 8000 
Front Shovels 18000 10000 
Wheel Slddders 12000 8000 
Pipelayers 15000 10000 
Wheel-Tractor Scrapers 
CAT 613 B 12000 8000 
All others 16000 8000 
Off Highway Trucks & Tractors 25000 
Wheel Tractors & Compactors 15000 
15000 
12000 
Wheel Loaders 
CAT 910 -966 12000 8000 
CAT 980 -992 15000 10000 
Track-Type Loaders 12000 
a source: CaterpUlar Performance Handbook, (1987) 
8000 
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2.2.2.4 Selection of the Replacement Equipment 
Textbooks on plant management (Harris & McCaffer, 1982; Douglas, 1975) and 
investment appraisal recommend various quantitative evaluation techniques to select 
the most economical equipment from different alternatives available in the market-to 
replace the existing old equipment items of a company. These techniques use either 
the costs, or both revenues and costs of different alternatives in the analysis. The 
most common evaluation techniques are given below. 
(1) Pay Back period method. 
(2) Accounting return on investment. 
(3) Internal Rate of Return. 
(4) Net Present Worth method. 
However, not every company undertakes quantitative analyses to select the 
replacement equipment. The survey done by Hinze and Ahston (1979) shows that 
one or more of the following criteria were used by contractors to make decisions as to 
which equipment to buy: 
(1) Always buy the same brand. 
(2) Take the best purchase price. 
(3) Service record and reputation of the dealer. 
(4) The particular needs of the jobs. 
(5) Availability. 
(7) Best credit terms. 
Also, there may be other criteria, different to those mentioned above, used to select 
the replacement equipment. For example, some companies may look for the dealer's 
back-up service and good machine performance in addition to the price of equipment 
(Con. Plant & Equip., 1986-b). Others would prefer to buy the equipment with the 
longest free warranty period offered by the manufacturer (Mead, 1986). 
2.2.2.5 Financing the Replacement Equipment 
Ile purchase price of a piece of new equipment is obviously higher than the resale 
value of an existing equipment item which is to be replaced by the new one. 
Therefore, the acquisition of new equipment always needs extra capital, and for this 
the available financial options usually are (Harris and McCaffer, 1982): 
(1) Outright purchase. 
(2) Hire purchase. 
(3) Leasing using a finance lease. 
(4) Credit Sale or Trade Credits. 
Of these alternatives, the most common financing method is the outright cash 
purchase (Plant Man. Jour., 1988). Surveys carried out by Hinze and Ashton (1979), 
and Tavakoli et al (1989), in the USA, also show that the outright purchase is the 
most popular type of financing. Leasing was the next most frequently used type of 
financing and trade credits had the least popularity among the contractors. 
The outright purchase uses funds from retained profits or from a bank loan which 
may be either on a short term basis (Bank Overdraft) or on a long term basis. Under 
this type of financing, the purchaser acquires the title to the machine and the tax 
benefits (Douglas, 1975). For example, he is entitled to deduct depreciation on the 
equipment as an expense of doing business. Also the owner may deduct interest on 
his equipment loan if he has used such a loan. 
In the case of hire purchase, the finance company owns the equipment, although the 
user retains control over the way the machine is operated. The user is effectively the 
owner of the equipment for tax purposes and he is entitled to claim depreciation and 
writing down allowances. In addition, the interest charges are deductible from the 
taxable income. At the end of the hire purchase agreement, the user has the option of 
purchasing the equipment outright ( Con. Plant & Equip., 1986-a). 
Leasing is a rental agreement which provides all the benefits of the use of equipment 
to the user. However, the leasing company actually owns the equipment and qualifies 
for the writing down allowances for tax purposes. The user pays a rental that may 
reflect the above allowances to a certain degree (Con. Plant & Equip., 1987-b). 
A credit sale is a sale in which the purchaser acquires the ownership or the title of the 
equipment, but the purchase price is paid in instalments (Harris and McCaffer, 
1982). These instalments usually include the purchase price plus the interest or the 
financial charges on the capital. The owner gets the same tax benefits as in the case of 
outright purchase. 
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2.3 QUESTIONNAIRE SURVEYS ON EQUIPMENT PRACTICES 
2.3.1 Questionnaire Survey in the UK 
The main objective of the questionnaire survey was to identify the current equipment 
practices of the UK plant companies regarding: the types of maintenance adopted, 
record keeping and use of computers, causes of downtime of equipment, 
maintenance resources planning and control, replacement decision factors, 
replacement timing, normal retention periods of equipment, and selection of 
replacement equipment. 
'Me questionnaires were sent to selected plant hire and contracting companies in the 
UK. Completed questionnaires were received from twenty two companies and it was 
assumed that the companies who responded form a representative sample of all the 
plant companies in the UK. The results of this survey are described on the following 
pages. 
2.3.1.1 Maintenance Practices 
The companies were asked to classify the type of maintenance they perform on their 
equipment. The results show that 95% of the companies are performing scheduled 
maintenance and 52% of the companies do preventive maintenance as well (see Note 
1 given below). It was seen that 33% of them undertake unscheduled maintenance 
work. The normal repairs done on equipment have not been considered as 
unscheduled maintenance work by the companies. Also, no company seems to 
believe in the 'no maintenance at all' policy. 
Lack of spare parts is considered to be the main cause of downtime of equipment 
(67%). The location of the equipment is another important (19%) reason for 
equipment downtime. Ten pqrcent of the companies consider the lack of repair 
personnel as one of the main reasons for downtime. Whereas, 24% of the companies 
Note I 
The term scheduled maintenance was used to represent maintenance work such as periodic services 
and lubrication performed on equipment and the term preventive maintenance was used for all the 
preventive maintenance activities other than the periodic services and lubrication. However. it is not 
clear whether the respondents understood the intended meanings of these two terms. 
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think that the causes of downtime are site abuse and operator negligence etc. The 
above results do not necessarily imply that the downtime due to lack of repair 
personnel is insignificant. What the results really mean is that the downtime due to 
lack of spares is much higher than that due to lack of repair personnel; and that most 
of the companies consider they have sufficient staff to undertake repairs on their 
equipment. 
Almost all the companies (95%) replied that it is their experience which would 
determine the number of repair personnel to be assigned for the equipment fleet. The 
managers seem to think that something determined by experience is more realistic 
than that by any other method. However, a small percentage (5%) of the companies 
had some rule of thumb method to determine their repair cardre and no respondent 
used any scientific method to find the number of repair personnel required. 
The other questions related to maintenance were used to identify the existing record 
keeping practices, particularly maintenance records, in the companies. A majority 
(67%) of the respondents are using computer systems for record keeping, and 24% 
of them do not have computers. The remaining companies did not say anything about 
the use of computers for record keeping. Most of the companies maintain records on 
spare parts (81%), labour (71%) and maintenance materials such as filters (67%) and 
lubricants (76%). Seventy one percent of the respondents record the operating hours 
of equipment. Most of the companies (71%) record each type of repair, whether 
engine, transmission, track etc., done on the machines. The only information which is 
poorly recorded is the workshop machine hours spent on maintenance work; only 
19% companies see the importance of recording this. The other records maintained 
by the plant companies are presented in Table 2.3. 
2.3.1.2 Replacement Practices 
The companies were also asked questions concerning the replacement of equipment. 
Among the factors which influence the replacement decision, the obtainable resale 
value of the plant is considered as important by most (81%) of the companies. The 
other important factors are the maintenance and repair costs (7 1 %) and the downtime 
costs (48%). The fact that no company considers inflation as an influencing factor 
seems to be quite unusual. The percentages of companies who consider other factors 
such as cost of capital, tax advantages and obsolescence as important factors are 
shown in Table 2.4. 
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The companies were asked when would they make the actual decision to replace a 
piece of equipment. A majority (57%) of the respondents said that they would replace 
a piece of equipment when it becomes inefficient. Fifty two percent would replace it 
when the repair and maintenance costs are too high. This simply means that most 
companies have the practice of replacing equipment when they are inefficient and too 
expensive to run. Also it confirms the effects of repair and maintenance costs, and 
downtime cost as replacement factors as explained in the previous paragraph. 
Mathematical models are used for making the replacement decision only by 19% of 
the companies; the low percentage indicates the gap between the existing 
mathematical replacement models and reality. Some companies said they would 
replace their equipment: 
(1) When the funds are available to buy new equipment. 
(2) At any time depending on the open market conditions. 
(3) After a certain fixed years of ownership. 
Other factors which have not been mentioned above are shown in Table 2.4. 
For most of the companies sampled, the decision to sell equipment is usually made 
either by the companies' Board of Directors (52%) or by the President/Owner. In 
very few companies (5%), this decision is taken by the Equipment Manager. 
Many companies (7 1 %) use some kind of quantitative analysis in order to select the 
best equipment available in the market to replace the existing equipment. Thirty eight 
percent of the companies, however, would take the best purchase price in the market 
whereas, 24% would buy the same brand. Only 10% said that they buy the 
equipment with the best credit terms. A total of 14% gave other criteria for selecting 
their equipment. 
The other most useful information obtained from the survey was the normal retention 
periods for different types equipment (Table 2.6). The companies were asked about 
the usual ownership period of some heavy equipment items like crawler tractors, 
motor scrapers, motor graders etc. The large variations in the ownership periods 
adopted by different companies for similar equipment show the differences in their 
policies regarding replacement of equipment. 
A summary of all the above results and the answers to other miscellaneous questions 
are given in Tables 2.3,2.4,2.5 and 2.6. 
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Table 2.3. Maintenance Practices of the UK Plant Companies a 
% of Companies 
Maintenance Types: 
Preventive 52 b 
Scheduled 95 b 
Unscheduled 14 
Causes of Downtime: 
Lack of Repair men 10 
Waiting for Spares 67 
Insufficient Shop tool inventory 0 
Location of Equipment 19 
Other 24 
Determination of Number of Repair men: 
Use Experience 95 
Scientific Method 0 
Other 5 
Use of Computers: 67 
Record Keeping: 
Operating Hours 71 
Type of Repair 71 
Repair. 
Spare parts 81 
Labour 71 
Work shop nVc hours 19 
Fuel 57 
Lubrication 76 
Fitters 67 
Operator Wages 62 
Overheads 52 
a some respondents gave more than one response to same questions 
b see Note I under Section 2.3.1.1 
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Table 2.4. Replacement Practices of the UK Plant Companies a 
% of Companies 
Replacement Factors: 
Maintenance & Repair Costs 
Downtime Costs 
Cost of Capital 
Depreciation 
Obtainable Resale value 
Inflation 
Obsolescence 
Tax advantages 
Other 
Detern-ýination of Replacement Time: 
Mathematical Model 
When the Repair & Maint. Costs are too high 
When the Equipment becomes Inefficient 
When the Equipment becomes Obsolete 
Other 
Equipment Financing: 
Outright Purchase 
Short term Bank loans 
Long term bank loans 
Leasing 
Trade Credits 
Hire Purchase & Other 
Selection of Replacement Equipment: 
Quantitative Analysis 
Always buy the same brand 
Take the best purchase price in the market 
Take the best Credit terms 
Other 
some respondents gave more than one response to same questions 
71 
48 
24 
14 
81 
10 
19 
19 
52 
57 
19 
24 
71 
14 
5 
48 
19 
14 
71 
24 
38 
10 
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Table 2.5 Miscellaneous 
% of Companies 
Who makes the final decision to sell or buy Equip. ? 
President/Owner 43 
Board of Directors 52 
Equipment Manager 5 
Project Manager - 
Other 
Method of Disposal: 
Trade to Dealers 86 
Sell to Third parties 71 
Auction Sales 14 
Other - 
Method of Depreciation: 
Straight line method 52 
Declining balance method 38 
Sum of the digits method - 
Other 5 
Quantitative Evaluation method used to compare 
alternative equipment available in the market: 
Payback Period 10 
Internal Rate of Return 14 
Net Present Value 10 
Accounting Return on Investment 33 
Other 14 
Determination of Cost of Capital: 
Cost of debt capital 14 
Weighted cost of debt and equity capital 10 
Company's historical rate of return 52 
Target rate of return determined by the Management 24 
Other - 
some respondents gave more than one response to same questions 
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Table 2.6. Normal Retention Period of Equipment in the UK 
Operating Hours Years 
High Ave. Low High Ave. Low 
Crawler Tractors 20000 13500 6000 20 8.3 4 
Motor Scrapers 25000 13600 6000 15 9.0 6 
Motor Graders 18500 12200 9000 10 8.6 6 
Wheel Loaders 22000 11500 6000 15 6.7 6 
Hydraulic Excavators 15000 10200 4000 12 5.6 3 
Dump Trucks 12 5.9 3 
2.3.2 Comparison of Equipment Practices in the UK,, the USA and 
SriLanka 
A questionnaire survey was carried out by the author during the period 1988 - 1989 
in Sri Lanka. The questionnaire used was not exactly the same as that used in the 
UK, however, most of the questions were somewhat similar. For the purpose of this 
comparison another three questionnaire surveys done in the USA were als; used. 
These surveys have been carried out by I-Enze and Ashton (1979), Schexnayder and 
Hancher (1981), and Tavakoli et al (1989). However, these American surveys reflect 
only the equipment practices of contractors, whereas, the UK and Sri Lankan 
surveys give these practices of both contractors and plant hire companies. 
It should be noted that this comparison does not consider all the aspects concerning 
the maintenance and replacement of construction equipment. It only gives some 
important equipment practices such as: (1) types of maintenance performed on 
equipment; (2) record keeping; (3) causes of downtime; (4) factors influencing 
downtime; (5) replacement timing; (6) normal retention periods for some equipment; 
and (7) financial options available for purchasing replacement (new) equipment. 
The survey statistics for the types of maintenance performed on equipment show that 
the USA contractors have the highest use of preventive maintenance. Whereas, in the 
UK just above 50 % of the companies use preventive maintenance, and for Sri 
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Lanka, the use is even lower (2 1 %). Scheduled maintenance is carried out by most of 
the companies in all three countries; particularly in the UK almost every company 
(95%) uses scheduled maintenance (see Note I under Section 2.3.1.1). The use of 
unscheduled maintenance is the lowest (30%) in the UK, and in Sri Lanka nearly 
half of the companies surveyed carry out unscheduled maintenance. 
Spare parts used for repairs is the most frequent type of record kept by the equipment 
companies in all three countries. Among the other well maintained records are the 
operating hours, types of repair and repair labour. In percentage terms, the general 
record keeping practice in the UK companies is better than that of the other two 
countries. (However, it should be noted that the particular American survey used was 
undertaken in 198 1). On the contrary, most of the Sri Lankan companies have poor 
record keeping practices except for records such as spare parts, operating hours and 
fuel. 
Lack of necessary spare parts is considered by most of the companies both in the UK 
and Sri Lanka as the main cause of equipment downtime. (The USA was excluded as 
no questions regarding this aspect has been considered by any of the American 
surveys). In the UK, other causes of downtime are not considered to be that 
important by the majority of the companies sampled. However, in Sri Lanka the 
location of equipment seems to be causing downtime for a majority of the companies; 
this may be mainly due to transport difficulties in the country. (Sri Lanka has a 
poorly maintained, inefficient road network). Some Sri Lankan companies think that 
the lack of repair personnel and cash problems also are main causes of equipment 
downtime. 
Amongst many replacement factors, maintenance and repair costs appear to be the 
main factor considered by the equipment companies in all three countries. In the UK 
and Sri Lanka, most of the companies consider the obtainable resale value as one of 
the main factors influencing the replacement decision. The depreciation and 
equipment downtime are considered by a majority of the American companies as very 
important factors. Obsolescence is the least considered factor by the respondents. 
The results in the previous paragraph are supplemented by the answers regarding the 
actual replacement time of equipment. Most of the companies in the VSA , the UK 
and Sri Lanka, replace their equipment when the repair and maintenance costs are too 
high and when the equipment become inefficient. In practice, these two criteria go 
together because when a piece of equipment becomes older, the repair and 
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maintenance costs tend to increase and the equipment becomes less efficient. It 
should be noted that only very few companies use mathematical models for making 
the replacement decision. However, compared to the other two countries, the USA 
has the highest percentage for use of such mathematical models. 7be UK has the 
second highest percentage and in Sri Lanka, the use of mathematical models-is 
insignificant compared to other replacement criteria. Availability of capital is the only 
criterion used by some of the Sri Lankan companies. 
In the UK, the selection of the replacement equipment out of many alternatives 
available in the market is mainly based on a some sort of quantitative analysis. The 
most recent American survey (Tavekoli et al., 1989) shows that majority of 
contractors in the USA are also using quantitative techniques in selecting equipment, 
whereas, in Sri Lanka most of the companies would take the best purchase price in 
the market. The American and Sri Lankan surveys also show that factors such as the 
equipment performance, the dealer's reputation and back up service are the basis 
used by some companies to select the equipment. 
The outright purchase using companies' own funds is the most popular type of 
financing in all three countries. However, in Sri Lanka the percentage of companies 
using their own facilities is comparatively low. Leasing is the next mostly utilised 
type of finance in the UK and the USA. Sri Lankan equipment companies, in 
contrast, use long term bank loans and hire purchasing instead of leasing. Some state 
owned Sri Lankan companies use funds from foreign aids to purchase their 
equipment. 
The normal retention periods of equipment show significant differences among the 
three countries. The lowest retention periods can be seen in the USA. However, the 
survey statistics show that the corresponding high and low values for equipment 
retention periods both in the UK and the USA are fairly close. The Sri Lankan 
companies show very high minimum retention periods which probably reflect the 
lack of funds for purchasing new equipment and the lack of use of economic analyses 
for equipment replacement. 
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Table 2.7 Comparison of Equipment Maintenance, Record Keeping and Causes of 
Equipment Downtime of Plant Companies in the UK, USA and Sri Lanka. a 
UK USA SriLanka 
Maintenance Types: b 
Preventive 52 * 93.5 21 
Scheduled 95 * 85.7 79 
Unscheduled 33 63.6 50 
----------------------------------------------------------------------------------------------------- 
Record Keeping: 
Operating Hours 
Type of Repair 
c 
71 67 64 
71 56 50 
Repair: 
Spare parts 81 67 71 
Labour 71 56 57 
Parts & labour combined - 28 29 
Work shop m/c hours 19 -- 
Fuel 57 39 64 
Lubrication 76 33 50 
Filters 67 28 50 
Operator wages 62 39 57 
Overheads 52 28 29 
----------------------------------------------------------------------------------------------------- 
Causes of Equip. Downtime: 
Lack of Repair men 10 36 
Waiting for Spares 67 71 
Insufficient Shop tool inventory 0 21 
Location of Equipment 19 57 
Other 24 50 
a some respondents gave more than one response to same questions 
b source: Tavakoli et al., (1989) 
c source; Schexnayder and Hancher, (1981) 
no such question 
see Note I under Section 2.3.1.1 
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Table 2.8 Comparison of Replacement Factors, Replacement Timing, Selection of 
Equipment and Types of Financing in the UK, USA and Sri Lanka a 
UK USA SriLanka 
%%% 
Replacement Factors: b 
Maintenance & Repair Costs 71 74.1d 64 
Downtime Costs 48 71.1 21 
Cost of Capital 24 - 21 
Depreciation 24 68.7 21 
Obtainable Resale value 81 - 50 Inflation 0 47.0 29 
Obsolescence 10 36.1 7 
Tax advantages 19 47 0 
Time Value - 59.0 Other 0 9.6 7 
Determination of Replacement Time: b 
Mathematical Model 19 37.6 7 
When Rep. & Main. Costs are too high 52 74.1 64 
When Equip. becomes inefficient 57 - 64 When Equip. becomes obsolete 19 -7 
Other 24 16.5 36 
----------------------------------------------------------------------------------------------------- 
Selection of Equipment: c 
Quantitative Analysis 71 
Always buy the same brand 24 20 21 
Take the best purchase price 38 20 64 
Take the best credit terms 10 -- Other - 27 43 
----------------------------------------------------------------------------------------------------- 
Types of Financing: b 
Outright Purchase 71 84.4 43 
Short term bank loans 14 21.1 21 
Long term bank loans 5 21.1 36 
Leasing 48 27 0 
Trade Credits 19 4.4 - 
Hire Purchase & Other 14 13.3 43 
a some respondents gave more than one response to same questions 
b source: Tavakoli et al., (1989) 
c source: Hinze and Ashton, (1979) 
d derived from another question 
- no such question 
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Table 2.9 Normal Retention Periods for Some Equipment in the UK, USA and 
SriLanka 
UK USAa SriLanka 
years years years 
(hours) (hours) (hours) 
Crawler Tractors: High 20 15 20 
(20000) (20000) (20000) 
Low 44 15 
(6000) (3500) (15000) 
----------------------------------------------------------------------------------------------------- 
Motor Scrapers: High 15 20 20 
(25000) (20000) (20000) 
Low 64 12 
(6000) (6000) (15000) 
----------------------------------------------------------------------------------------------------- 
Motor Graders: High 10 20 20 
(18500) (20000) (20000) 
Low 6 5.5 15 
(9000) (5000) (15000) 
----------------------------------------------------------------------------------------------------- 
Wheel Loaders: fEgh 15 15 20 
(22000) (25000) (25000) 
Low 64 12 
(6000) (4000) (15000) 
----------------------------------------------------------------------------------------------------- 
Hyd. Excavators: Ifigh 12 15 
(15000) (15000) 
Low 3 10 
(4000) (12000) 
-------- -------------------------------------------------------------------------------------------- 
Dump Trucks: High 12 8 15 
Low 328 
a source: Schexnayder and Hancher, (1981) 
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2.4 PERSONAL INTERVIEWS 
Personal interviews were carried out with plant hire and contracting companies both 
in the UK and Sri Lanka. The aim of these interviews was to support the results 
obtained from the questionnaire surveys and also to determine the equipment 
practices which have not been covered by the questionnaires. A total of eleven 
companies were interviewed and the findings of these are presented in the next 
sections. 
2.4.1 Tarmac Construction Plant (UK) 
Tarmac Construction Plant is a subsidiary company of the Tarmac Construction 
Group which is one of the biggest construction companies in the UK and it 
undertakes works throughout the country, ranging in variety and size from small 
works to multi-million pound projects. The Tarmac Plant division is charged with the 
task of servicing all the construction works undertaken by Tarmac and in addition it 
supplies equipment to the open hire market. The Head Office of Tarmac Plant is 
based in Wolverhampton and it has major depots in four geographical regions. 
The maintenance and servicing of all equipment of Tarmac Plant is carried out by 
mobile fitting teams operating from area depots. These teams usually attend every 
equipment item weekly, which is also complemented by the area plant engineees visit 
to each site on a three-weekly basis, when the equipment condition is checked and 
future maintenance needs are determined. However, on large projects, there is 
usually a residential plant manager/engineer with a repair and service unit of 
appropriate size depending on the equipment requirements. 
The company uses a main frame computer system for equipment record keeping and 
analysing equipment costs. All the equipment records are stored in the computer on a 
monthly basis. These records include the equipment usage, maintenance and repair 
costs, overheads etc., assigned to each equipment. 
For replacement analysis of equipment Tarmac Plant used a mathematical model, 
which determined the optimum life of equipment based on the maximum discounted 
rate of return. The data used in this model were the purchase price, potential resale 
value at different ages, and maintenance and repair costs over different periods of 
life. However, the present management considers this model to be out dated, hence 
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is not being used at present and the replacement of equipment is normally based on 
judgement. 
In selecting the replacement equipment Tarmac carries out a commercial evaluation of 
the equipment alternatives which satisfy the minimum technical requirements. This 
evaluation is a comparison of such things as: purchase price; demand for equipment, 
potential residual value and ease of disposal; spare parts pricing; consumption of 
spares over fixed periods of life; and the competence of the dealer to supply spare 
parts and technical back-up service. The company normally uses money from 
retained profits to purchase new equipment. 
2.4.2 L PH Equipment (UK) 
LPH is one of the leading hire companies in the UK and it has many plant depots 
spread throughout the country. The plant fleet of the company consists of cranes, 
backhoe/loaders, dumpers, excavators and other earthmoving equipment. 
All plant items of LPH Equipment are serviced on a scheduled maintenance basis, 
usually every six weeks. The company uses a main frame computer system for its 
record keeping and which provides information for managers in the day-to-day work 
of running their depots. A -computer program for maintenance advises depot 
managers when the services are due for each plant item and after the servicing has 
been carried out the computer program is up-dated. The computer also prints out lists 
of all plant requiring statutory inspection for legal and insurance purposes. However, 
this inspection is not based on any scientific maintenance technique. 
All information about utilisation, earnings and, repair and maintenance costs are 
recorded in the computer as either individual items or plant groups. For example, the 
maintenance costs of small items like dumpers are kept for the whole group rather 
than for individual items. The replacement of equipment is usually done when the 
maintenance and repair costs start to increase rapidly. However, there is no 
mathematical model for the replacement analysis. The company also has the practice 
of replacing equipment in groups, particularly small items like dumpers. 
The selection of new equipment to replace older equipment is usually made after an 
examination of both technical and financial considerations. One of the key areas of 
consideration is the final purchase price. The general trends in the hire-market are 
also investigated before the replacement of equipment items. 
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2.4.3 Road Construction and Development Company Ltd. -(RCDC 
- Sri Lanka) 
RCDC is a semi- government company. It has over 500 items of road construction 
equipment including crawler tractors, wheel loaders, excavators, road rollers and 
dump trucks. It undertakes most of the road construction work in Sri Lanka and also 
fully responsible for maintaining and upgrading the existing roads throughout the 
country. 
The company mainly performs periodic services and lubrication on every piece of 
equipment in the fleet. A very few preventive maintenance routines such as the 
condition of the tyres, engine oil level and the radiator water level are also carried out. 
The equipment working in remote areas of the country usually have a small group of 
fitters to do periodic servicing and n-dnor repairs. For most of the repairs, fitters and 
spare parts are sent from the main depot to the sites and if the repair cannot be done in 
the field the equipment is brought to the main workshop for repair. The company 
does not use any scientific techniques for maintenance decision making. According to 
the equipment manager, the number of maintenance personnel required is entirely 
determined by experience considering the types and number of equipment to be 
served. The stocks of spares needed for maintenance and repair work are kept at 
minimum levels to prevent unnecessary cash hold-ups and these stock levels usually 
are determined after considering the approximate demands for them. 
RCDC is one of the few equipment companies in Sri Lanka, which use computers for 
record keeping. A mini computer system is used for this purpose and the equipment 
records such as costs of spare parts, labour spent on repairs, fuel, utilisation and the 
location of equipment are stored on the computer. 
Ibe basic criteria for replacement of equipment is when the funds are available for 
purchasing new equipment. These funds usually come as World Bank Development 
Loans. 
2.4.4 Ceylon Development Engineering Co. Ltd. (CDE - Sri Lanka) 
CDE is one of the pioneer civil engineering contracting companies in Sri Lanka. It 
has many years of experience in heavy civil engineering works, mainly in 
construction of dams , canals and roads. 
The company's equipment fleet is one of the 
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largest fleets in Sri Lanka and it includes crawler tractors, scrapers, motor graders, 
excavators, dump trucks and many other heavy equipment. 
In each major construction project, CDE has set up its own work shop to perform all 
of the equipment maintenance work and most of the repairs. The maintenance works 
carried out are mainly periodic services, lubrication and unscheduled repairs. Some 
years ago CDE used to have a preventive maintenance routine to check the air 
pressure of the tyres of heavy equipment to find the optimum air pressure which 
minimises the wearing of the tyres. However, this scheme did not last long enough to 
get any significant benefit out of it. The management argues that the difficulty in 
adopting such maintenance measures is mainly due to the lack of knowledgeable staff 
to implement them in the field. The company still maintains other scheduled 
maintenance routines such as periodic servicing, lubrication and replacement of 
filters. The maintenance and repair personnel needed for a particular site is usually 
selected in the light of experience, and there are no scientific methods used in making 
maintenance decisions. The spare parts policy is to keep minimum stocks like in 
many of the Sri Lankan companies and most of the downtime is said to be caused by 
waiting for spares for necessary repairs. 
The replacement policy of the company is dependent, to a great extent, upon the 
major construction projects at hand at any time. It is very likely that old equipment 
will be replaced just before undertaking a major project in which the equipment are to 
be used. Usually the company writes off the total cost of the equipment to its major 
projects. Funds for purchase of new equipment are normally obtained through bank 
overdrafts or as long term bank loans. 
2.4.5 Other Interviews 
Equipment managers of two other UK equipment companies were interviewed. Their 
views on equipment practices were also similar to those which have already been 
discussed in the previous pages, therefore, these are not repeated again. Also lengthy 
discussions were held with five more contracting and plant hire companies in Sri 
Lanka. All of them accepted the importance of preventive maintenance and the use of 
mathematical models in deten-nining the optimum replacement time, although, they 
did not use such models in making maintenance or replacement decisions. According 
to some of them it is the company's limited cash availability which governs most of 
the maintenance and replacement decisions. 
44 
2.5 SUMMARY 
There are three basic types of maintenance used for construction equipment, namely, 
planned preventive, planned corrective and unscheduled maintenance. Most of the 
UK equipment companies appeared to use some kind of preventive maintenance, 
however, the questionnaire results were not clear enough to make firm conclusions 
on the exact types of preventive maintenance practice in those companies. 
Lack of spares is considered as the main cause of equipment downtime by most of 
the equipment companies. Location of equipment is the second main cause of 
downtime and to some companies, the lack of repair personnel seems to be a main 
cause of equipment downtime. 
The use of scientific or mathematical techniques in making maintenance decisions is 
very rare among the equipment owners. Instead, they seem to rely on their experience 
in making most of the decisions such as the labour requirements and stock control. 
However, the personal interviews showed a growing potential for scientific methods, 
hence, research in this area is worthwhile. 
Replacement of equipment is mostly done when the maintenance and repair costs 
appear to be too high and when the equipment become inefficient. Personal 
interviews showed that other factors such as the availability of funds and demand for 
equipment are also important in making replacement decisions. Use of mathematical 
models in replacement analysis and replacing the equipment accordingly is not 
popular among the companies. The exact reason for this little use of mathematical 
models is not very clear, however, such things as the lack of historical equipment 
records, the lack of knowledge about mathematical models and the belief that most of 
the available mathematical models are not realistic, probably inhibit equipment 
owners from using such models. 
The most popular type of financing among the equipment owners is the outright 
purchase compared to the alternative types such as leasing, hire purchase and credit 
sale. It is interesting that a vast majority of the companies are using some sort of 
quantitative evaluation in selecting the new equipment items to replace the older ones. 
However, other factors such as the final purchase price, and the dealers reputation 
and back-up service also influence the selection of equipment to a great extent. 
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Most of the UK and the USA equipment companies are using computers for record 
keeping and analysis. However, they maintain only certain types of records 
depending on the company requirements. The popularity of the computer in the 
industry shows the possible future development of scientific maintenance and 
replacement techniques to make decisions based on the actual equipment costs, 
revenues and other economic factors. 
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3.1 INTRODUCTION 
Operations Research (OR) can be broadly defined as a scientific approach to problem 
solving and decision making for management (Moskowitz & Wright, 1979). This 
approach is generally implemented through the use of a mathematical model. A 
mathematical model provides a simplified representation of a complex system or 
phenomenon. This simplified representation models the important features of the 
system under study, as well as the interrelationships among these features enabling it 
to predict the behaviour of the system. 
Most mathematical models involve the optimisation of some operation or function of 
a system, such as minimising production costs or maximising profits. These models 
have applications in many areas including engineering, industrial, business, 
economic and military situations. 
As the main objective of this research is to construct mathematical models for 
construction equipment maintenance and replacement analysis respectively, it is 
necessary to study the existing mathematical models in these areas. The aims of this 
study are to identify: (1) the mathematical techniques used in the existing models; (2) 
the types of data required for the models; (3) the factors considered in the analyses; 
and (4) previous applications if any. 
This chapter presents most of the mathematical models available for making decisions 
in maintenance and replacement of equipment. The maintenance models have been 
initially proposed for general industrial equipment. However, most of the 
replacement models explained in this chapter are specifically for construction 
equipment. For simplicity, the descriptions of the models are given with the 
minimum details, but they still include the essential features. In certain cases further 
details are contained in Appendix B. 
'Me application of these mathematical models in making equipment maintenance and 
replacement decisions in plant hire and contracting companies is discussed in Chapter 
2. It was seen that there is very little usage of such models in actual practice, and the 
reasons for this are investigated in Chapter 4. A study of the possibility of applying 
existing maintenance models in construction equipment maintenance and a 
comparison of the existing replacement models are also included in Chapter 4. 
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3.2 MAINTENANCE MODELS 
The primary function of the equipment maintenance department of a company is to 
carry out maintenance actions such as inspections, overhauls, replacements and 
repairs on equipment. There are many mathematical models proposed for the above 
maintenance actions in order to optimise them. These models have been mainly 
introduced for production equipment in factories rather than for construction 
equipment. 
Sections 3.2.1 and 3.2.2 describe two types of popular maintenance models, namely 
models to determine optimal maintenance times and models to optimise maintenance 
resources. These sections also give examples of previous applications of the above 
models in real maintenance problems. 
3.2.1 Models to Determine Optimal Maintenance Times 
Inspections, overhauls and replacement of components of equipment are often 
undertaken on a preventive basis and the mathematical models for them usually give 
the optimal times to perform these maintenance actions. The objective of the 
optimisation models may be to minimise the sum of maintenance costs and 
consequential costs. Here, the maintenance costs are the costs due to maintenance 
actions such as inspection, overhauls and replacements; whereas the consequential 
costs are the resulting costs incurred by not performing the maintenance action at the 
correct time. There are also optimisation models to find the optimal maintenance 
times with the objective of maximising the profits from equipment. 
Sections 3.2.1.1 to 3.2.1.3 describe three existing models which can be used to 
determine optimal times for inspection, overhaul and replacement of equipment 
components. 
3.2.1.1 Optimal Inspection Times 
This model was proposed by Jardine (1973) to determine the point in time at which 
the inspection action should take place in order to maximise the profits from 
equipment. 
The model suggests that a piece of equipment may break down from time to time 
requiring material and labour for repairs. While it is being repaired, losses in 
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production output can occur resulting in downtime costs. In order to reduce the 
number of breakdowns, the equipment can be periodically inspected and any minor 
defects, which may eventually cause complete breakdown, can then be rectified. 
Therefore, the assumption here, is that the number of inspections carried out during a 
fixed time interval can change the number of unexpected breakdowns of a piece of 
equipment in that period. The model also assumes that the breakdowns occur 
according to the Negative Exponential distribution with a mean breakdown rate X(n). 
These assumptions are shown in Figure 3.1. 
f (t) T 
X(n) e- 
X(h) 
/ 
tt 
where, 
f (t) breakdown rate 
n number of Inspections done per unit time 
(0) -mean breakdown rate if no inspections are made 
(1) -mean breakdown rate if one inspection is made 
Figure 3.1. The Breakdown Rate as a Function of the Frequency of Inspection 
source: Jardine (1973) 
The other assumption are given below. 
(a) Repair times are negatively exponentially distributed with mean time l/ p 
(b) Inspection policy is to carry out n inspections per unit time; inspection 
times are negatively exponentially distributed with mean time Ili. 
(c) The value of the output in an uninterrupted unit of time has a profit value 
of V. 
(d) 'Me average inspection cost per unit time is L 
(e) The average repair cost per unit time is R. 
The inspections too cost money in terms of materials, labour and scheduled 
downtime. The objective, therefore, is to obtain a balance between the number of 
50 
inspections and the resulting output such that the total profit per unit time is 
maximised. 
Profit per unit time P(n) (value of output per unit time) 
(value lost due to repair per unit time) 
(value lost due to inspections per unit time) 
(cost of repair per unit time) 
(cost of inspections per unit time) 
P(n) =V- 
V X(n) Vn X(n) RnI 
i9i 
When P(n) is differentiated with respect to n and equated to zero this gives: 
(n) -E 
V+ I 
i 
[V+Rl 
Thus, the optimal value of n, ie. the optimal number of inspections per unit time, can 
be found. 
Extensions to the model: 
It can be shown that if the downtime cost per unit time due to loss of output during 
inspections is V, then a similar model for the minimisation of costs would give the 
same number of inspections per unit time as in the maximisation model given above. 
'Me model can be further developed to tackle the situation where the downtime costs 
during inspections and repair are not equal. 
3.2.1.2 Optimal Overhaul Intervals 
Jardine (1969) proposed a model to determine the optimal overhaul interval for 
equipment whose operating costs increase with time. The model assumes that from 
time to time surveys are performed on operating costs of equipment. Between these 
surveys the operating costs are considered to increase due to deterioration of certain 
components. Some of these deteriorating components can be overhauled in order to 
reduce the operating costs of the equipment. 
'Me assumptions made in the analysis are given below. 
(a) The trend of the operating cost per unit time following each overhaul is 
expressed as (Figure 3.2): 
operating costs per unit time at time t=A-B. e At 
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where, (A - B) is the operating costs per unit time if no deterioration 
occurs. X is a constant which determines the shape of the curve. 
(b) The cost of an overhaul is a. 
(c) The overhaul policy is to carry out n equally spaced overhauls between 
surveys and the survey interval is (0, T ) as shown in Figure 3.3. 
8 
A- B 
IIIIIIIIII 
t 
Figure 3.2. Operating cost of equipment 
Overhaul 
Survey 
.................................... -1 .......................... 
IIIIII 
S S $ 
012 n-1 n 
Figure 3.3. Interval between Overhauls and Surveys 
Survey 
The objective is to determine the optimal interval between overhauls, s, such that the 
sum of operating cost and overhaul cost is minimised. 
Total Cost C(s) = overhaul cost + operating cost 
= (number of overhauls) * (overhaul cost) 
+ (operating cost for each interval between surveys) * (number of 
intervals between surveys) 
C(s) = n. a 
5 
B. e-ý-t (n + 1) 
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where, (n + 1) = T. 
This can be simplified to: 
T. a T. B. e T. B 114ZI =--s 4- T-A 4- -: -%-/ 
SA SA 
Tbus, by graphical methods or otherwise, the value of s which gives the minimum 
C(s) can be found. 
Using the above model a study was undertaken (Davidson, 1970) to determine the 
optimal overhaul interval for Boiler Plants in a Power Station of the South of 
Scotland Electricity Board. Davidson recommended that the model should be applied 
to equipment which is totally overhauled at fixed intervals but which has parts that 
deteriorate with use, and these parts can be partially or fully restored by overhauling 
within this period. 
3.2.1.3 Optimal Replacement Times for Equipment Components 
A model for preventive replacement of equipment subject to breakdown was 
introduced by Jardine (1973). Kelly and Harris (1978) also proposed a similar 
model to determine the optimal replacement time of any equipment component with a 
wear-out pattern of failure. 
The basic Jardine model is given below. The information required to evaluate the 
model is as follows: 
Cp the cost of a preventive replacement 
Q the cost of failure replacement 
f (t) the probability density function of the failure times of 
equipment (component) 
tp = the time interval for preventive replacement. 
It is assumed that there is a difference between the preventive replacement cost and 
the failure replacement cost. Usually, the cost of failure replacement is higher as it 
includes the consequential cost due to unexpected failure of the equipment or 
component. According to the theory, a failure replacement may occur at any time 
between time 0 and tp, and a preventive replacement can occur only at the end of time 
tp This is shown in Figure 3.4. 
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If the component is replaced at the end of every time interval tp , then the total 
expected cost per unit time of operation due to this maintenance policy is: 
C(t P) = 
Cp + E(tp)*Cf 
tp 
where, E (tp) is the expected number of failures in interval (0, tp). 
Therefore, the optimal replacement time for the component is that value of tp which 
minimises the total expected cost per unit time. As tp and E (tp) are the only variable 
in the above equation, the optimum replacement time can easily be determined by 
drawing the graph between C(tp) and tp. The corresponding value of E (tp) for a 
given time interval tp can be determined by using Probability theory. 
Preventive replacement 
One cycle 
I- 
0tP 
Figure 3.4. Failure replacement and Preventive replacement 
source: Jardine (1973) 
Failure replacements 
II 
One cycle 
I 
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3.2.2 Models to Optimise Maintenance Resources 
There are few quantitative techniques which can be used in determining the optimum 
numbers or quantities of maintenance resources. Of these, queuing theory, 
simulation and scientific inventory models are discussed in the following sections. 
3.2.2.1 Queuing Models 
Queuing theory was formulated by A. K. Erlang in 1909 (Prabhu, 1965) as a result 
of the effort to analyse telephone traffic congestion at the Copenhegan Telephone 
System, USA. This theory is now a valuable tool and is widely used in many areas 
of work to solve arrival - departure congestion problems. 
Morse (1958) introduced the use of queuing theory in the areas of maintenance and 
inventories. A real application of queuing theory in maintenance work can be seen in 
the case study of an open-cast mine done by Carruthers et al (1970). This case study 
is briefly explained at the end of this section. Jardine (1973) has given several 
queuing models to determine the optimal amounts of facilities such as labour and 
equipment/tools in a maintenance organization. Kelly and Harris (1978) also have 
proposed a similar but simpler queuing model with examples to illustrate how to use 
the theory of queues to determine optimal repair gang size for a group of machines. 
Therefore, generally, queuing theory can be used for problems of congestion where 
customers arrive at a service facility, perhaps wait in a queue, are served, and then 
leave the service facility. In maintenance problems the customers may take the form 
of jobs arriving at a workshop and the servers could be the maintenance gang or the 
facilities such as lathe machines. 
Basically, there are two types of queuing systems, single-channel and multi-channel. 
Figure 3.5(a) shows the situation where there is a single server facility (ie. single- 
channel), and only one customer can be served at any time. Any incoming job has to 
wait in the queue until its turn, unless the server facility is vacant. In the multi- 
channel system (Figure 3.5(b) ), the incoming jobs join the queue and then go from 
there to the first server that becomes vacant. 
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AMvals 
C= C= C= C= 
SerVice facility 
(a) 
Arrivals 
C= C= C= 
(b) 
Departures 
Departures 
Figure 3.5. Single-channel (a) and Multi-channel (b) Queuing Systems 
The existing maintenance queuing models assume that the arrival rates of jobs can be 
represented by the Poisson distribution and the service rates are negatively 
exponentially distributed. Also, the jobs are assumed to be served with First - In - 
First - Out (FIFO) basis. 
Now, if the mean arrival rate of jobs is X per unit time and the mean service time is ýL 
per unit time: 
For a single- channel queue (Kelly & Harris. 1978 and Jardine. 1973): 
Utilisation factor of the service facility p=Vg 
Average waiting time for a job in the queue = Wq =p (g-%) 
Average waiting time for a job in the system =W=I (g- 
Average number of jobs in the queue Lq = %. Wq 
Average number of jobs in the system L=X. W 
For a muld-channel queue: 
Utilisation factor for the service facility p=X/M. p 
where, M is the number of servers ( in this case, number of repair personnel). 
Mathematical derivation of other factors such as the number of jobs in the queue or 
in the system is more difficult in the multi-channel situation. However, tables and 
graphs are available in queuing theory textbooks such as Morse (1958) which can be 
used to determine the required queuing statistics. These graphs have been drawn 
using parameters including the utilisation factor (p), number of servers (M) and 
Service facility 
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average number of jobs in the queue (Lq) or in the system (L). Therefore, if X and 
are given then for different values of M the corresponding Lq or L values can be 
found from the graphs. 
Maintenance work 
input 
IIIIIIII 
Queue of maintenance work 
IIIIIIIA 
Unavailability cost 
Maintenance 
Gang 
Labour 
cost 
Maintenance work 
Figure 3.6. The Repair Situation as a Queuing Model 
source: Kelly and Harris 
output 
In the model proposed for a machine repair situation by Kelly and Harris (1978), the 
objective is to find the optimal repair gang size which minimises the sum of 
maintenance (repair) labour cost and machine unavailability cost during the time 
waiting for repairs (Figure 3.6). 
Total cost per hour = (number of repair personnel * labour cost per hour) + 
(average number of machines in the queue * machine 
unavailability cost per hour) 
(M * labour cost per hour) + (Lq *machine unavailability cost per hour) 
For different values of M the corresponding Lq values can be determined from the 
graphs mentioned above. By substituting those values in the above equation, the 
repair gang size (M) which minimises the total cost can be found. 
Carruthers et al (1970) used queuing theory to determine the optimum size of plant 
maintenance gangs of a mining company working on an open-cast coal site at 
Westfield in Fife, Scotland. The plant fleet consisted of electric-powered excavators, 
dump trucks, crawler tractors and other small vehicles. A multi-channel queuing 
system was assumed for the dump truck fleet and the each server was considered to 
be a team of three repair men. The study showed that a gang of six repair men (ie. 
two teams of 3 men) is the optimum repair gang for the fleet of twenty four dump 
trucks in the company. 
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3.2.2.2 Simulation Models 
Simulation is a method of analysing complex decision situations and it has been used 
to solve a wide range of problems in manyareas such as industrial, military and 
economic systems. 
Simulation is a very broad subject and there are many types of simulation methods 
available for use depending on the application. In this section, details of simulation 
are not discussed as this aspect is covered in Chapter 6 under the construction of the 
maintenance model. Basically, the type of simulation considered in this section is the 
discrete event simulation, which is sometimes referred to as Monte Carlo Simulation. 
Discrete event simulation is a numerical technique which involves modelling a 
stochastic system with the intention of predicting the system's behaviour. 
Experiments on the simulation model are, in effect, similar to observing the system 
over a significant period of time. 
The main reasons for using simulation to solve a problem are given below (Cook & 
Russel, 1977): 
(1) Experimentation with a real system may be impractical or impossible. 
(2) The real system may be too complex to permit mathematical representation 
using equations. 
Simulation has been successfully used to experiment with complex queuing problems 
that exist in industrial factories, hospitals and airports, which cannot be solved 
analytically. Particularly, in industrial systems, it has been used to find economical 
inventory levels, determine optimum machine maintenance schedules etc. Kelly and 
Harris (1971) used simulation to find the optimum maintenance gang size in a food 
processing factory with twenty identical machines. The main objective of this study 
was to find the optimum number of staff to meet a doubling demand for production 
output. Husband (1976) explains another simulation study applied in the 
maintenance department of an engineering firm. The problem was to establish the 
ideal number of operatives to maintain a key area of the machine shop including the 
maintenance of auto lathe machines. 
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3.2.2.3 Inventory Models 
The basic inventory decisions involve how many units of spare parts (or what 
quantity of materials) to order and when to order them, for the maintenance 
department. Mathematical models for inventory control of spares and maintenance 
materials have been proposed by authors like Harris and McCaffer (1982) and Kelly 
& Harris (1978). These models could be considered as further developments of the 
initial inventory model introduced by F. W. Harris in 1915 (Moskowitz & Wright, 
1979). 
Harris and McCaffer (1982) are probably the first to introduce inventory models 
specifically for maintenance of construction equipment. These models could be used 
to find the Economic Order Quantity (EOQ) of spare parts and materials used for 
maintenance work. The two main costs considered in the analysis are the cost of 
procurement and the cost of storage. The other aspects such as safety stock levels, 
shortage cost, top-up or maximum quantity, discounts obtained, large order 
quantities and the continuous usage or replenishment are also considered by the 
models. 
The basic mathematical model for EOQ proposed by Harris and McCaffer is given 
below: 
EOQ = 
2SD 
hP 
where, 
EOQ = economic or optimal order quantity 
S cost of processing an order 
h cost of storing an item per week as a percentage of cost price 
p cost of an item 
D rate of usage in units per week. 
For simplicity, other EOQ models are not included in this section, however, a 
complete description of all the models are given in their textbook on Construction 
Plant (Harris and McCaffer, 1982). 
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3.3 REPLACEMENT MODELS 
The following sections describe eight replacement models proposed by previous 
researchers. These include the earliest replacement model introduced by J. S. Taylor 
in 1923 and most of the other important models proposed thereafter. 
3.3.1 Taylor, J. S. (1923) 
This model determines equipment life by calculating the unit cost of machine output. 
It uses discrete annual costs and incorporates compound interest to calculate the 
future worth of the unit cost of the output or product. 
7be unit cost of output is given by the following equation: 
W +Ci n 
x=, 
n 
n 6. d 
(, + i)n 
r= I 
i)n -r y 
or 
Where: 
C= cost of machine new 
Wn = wearing value if equipment item is used for n years. ( which is equal to 
cost of equipment new - scrap value at the end of n years 
Yr = number of units output for r th year 
Or = operating expenses for the r th year, including repairs, fuel costs, overheads 
etc. 
i= current interest rate 
ýq 
= (1+ if -i -n j 
For a given item of equipment the unit cost of output is calculated using the above 
equation for different periods of ownership. The period of ownership which gives 
the minimum unit cost is considered as the most economical life for that equipment 
item. The assumption here, is that labour cost and the like remain constant during the 
period considered. If these costs have increased, however, the owner can continue 
to use the old equipment item after the minimum has passed. It is then necessary to 
compute the unit cost for each year from that point on and replace it when the annual 
unit cost becomes greater than the estimated unit cost for a new item of equipment 
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under the changed economic conditions. Taylor's model however, does not consider 
technological improvements of the replacement (new) equipment. 
Hotelling (1925) improved Taylor's model, by the application of calculus and using 
continuous functions for discounting. 
Alchian (1952) further improved Hotelling's use of continuous functions and 
introduced equations for computation either by analog computer or manually by 
tables. The use of exponential functions for curve forms of costs or revenues was 
also introduced by him. 
3.3.2 Terborgh, G. A. (1949) 
The main purpose of this model is to decide whether to replace a piece of equipment 
or whether to defer such a decision for another year. It focuses on the operating 
inferiority of the present machine, the defender, in relation to the replacement 
machine which is the challenger. The operating inferiority of the defender is 
considered as the operating advantage of the challenger. The first task of the model is 
to calculate this for the following year. This comprises of all the incremental 
operating benefits which accrue from replacement such as: increased output; saving in 
labour costs; and maintenance costs. The next task is the non-operating advantages of 
replacement, which is the capital cost gained if the old machine is sold now compared 
to a year's time. The sum of the above two. challenger advantages could be 
considered as the defender's adverse minimum. 
Similarly, for the challenger total annual cost for different life values are found on the 
basis of discounted operating inferiority and capital costs. This is done in relation to 
another challenger which would replace the current challenger at the end of a certain 
age in the future. This minimum average value is called the challenger's adverse 
minimum against a future challenger. 
To convert the adverse minimum into mathematical terms, it can be defined as the 
lowest sum of the time adjusted average of capital cost and the operating inferiority 
obtainable from a machine. The capital cost is the average annual cost of capital 
recovery with interest. 
Thus, capital cost plus operating inferiority = 
g(n -1) +c-s+i 
(C+S) 
2n2 
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where, 
g= annual inferiority gradient in dollars (rate of accumulation of inferiority) 
n= period of service in years 
c= acquisition cost 
s= tenninal salvage value 
i= interest rate. 
If the challenger's adverse minimum is less than that of the defender, then the 
replacement should take place. To support this approach Terborgh has given a set of 
charts which simplify the evaluation. These charts allow for various tax, depreciation 
patterns, salvage ratios etc. 
3.3.3 Nichols, H. L. (1961) 
This model considers depreciation and repair costs as the governing factors in 
determining the economic or optimum life of construction equipment. 
Nichols has not explained how the depreciation charge could be found for different 
hours or years of use of equipment. However, at a particular point of use the 
depreciation charge could be assumed as the purchase value less the salvage value at 
that point. 
The model gives an empirical method of calculating the repair cost with different 
hours of use for the equipment. The method uses a set of tables (Table 3.1) to find 
appropriate repair cost factors. These cost factors depend on: (1) type of equipment; 
(2) total hours of use; (3) years of useful life; (4) temperature; (5) work conditions; 
(6) degree of maintenance; (7) type of service; (8) operators; (9) experience (luck ? ); 
(10) equipment quality; and (11) work pressure. 
The average hourly repair cost of a machine is found by multiplying the product of 
the above factors by 1/ 10000 of the purchase price of the machine. This average 
hourly repair cost is then converted to an End-of-Period rate by multiplying with 
another factor (Table 3.2). This is to account for the rapid increase of repair cost as 
the equipment item becomes older. 
The most economical life is found by plotting the combined depreciation and repair 
cost graph (Figure 3.7). The point which gives the minimum combined cost is taken 
as ihe most economical (optimum) life of the equipment considered. 
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Table 3.1 Repair Cost Factors * 
1. Type of Equipment 2. Total Hour 
of Use 
3. Years of Useful 
Life 
Crane, revolving 0.5 
Compressor, air 0.8 
Truck, highway dump 0.8 
Dragline and Clamshell 0.9 
Shovel, dipper or hoe 1.0 
Truck, off the road 1.0 
Front Loader, 4-wheel drive 1.0 
Scraper, all types 1.1 
Dozer, crawler 1.2 
End loader, crawler 1.4 
Front loader, 2-wheel drive 1.6 
Crawler and mounted ripper 2.5 
4. Temperature OF. 
Very hot Over 1000 1.3 
Hot 85 to 900 1.1 
Normal 32 to 840 1.0 
Cold 0 to 310 1.2 
Very cold Under 00 2.0 
7. Type of Service 
Mine or large pit 0.5 
Small pit 0.8 
Contractor 1.0 
Rental to others 1.4 
10. Equipment Quality 
Top 0.8 
Average 1.0 
Poor 1.5 
* To find hourly cost of repairs for a machine, select one factor from each group, omit any that are 
1.0, multiply the others together, and the product by 1/10000 of the purchase price of the machine. 
Source: Nichols (1961). 
1000 0.5 
2000 0.5 
3000 0.6 
4000 0.7 
5000 0.9 
6000 1.0 
8000 1.3 
10000 1.6 
12000 1.9 
15000 2.3 
20000 3.0 
5. Work Conditions 
Mostly standby 0.4 
Light 0.8 
Average 1.0 
Heavy 1.4 
Rough 2.0 
8. Operators 
Excepdonal 0.8 
Good 0.9 
Average 1.0 
Rough 1.2 
Cowboy 2.0 
11. Work Pressure 
Leisurely 0.9 
Average 1.0 
Desperate haste 1.5 
1 0.6 
2 0.7 
3 0.8 
4 0.9 
5 1.0 
6 1.0 
7 1.1 
8 1.2 
9 1.3 
10 1.4 
15 2.0 
6. Maintenance 
-------------------------- 
Excellent 0.6 
Good 0.8 
Average 1.0 
Poor 1.5 
None 3.0 
9. Experience (Luck ?) 
ExceUent '0.6 
Good 0.8 
Average 1.0 
Poor 1.5 
Table 3.2 Factors for Converting Average Repair Cost to End-of-Period Rate 
Hour of use Factor Hours of use Factor 
2000 
3000 
4000 
5000 
6000 
7000 
source: Nichols (1961) 
1.0 8000 
1.3 9000 
1.5 10000 
1.6 12000 
1.7 15000 
1.7 20000 
1.8 
1.8 
1.8 
1.9 
1.9 
1.9 
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'normal' repair cost 
68 10 12 14 16 
Total Use, thousands of hours 
Figure 3.7 The Graph of Combined Costs of Depreciation and Repair 
source: Nichols (1961) 
3.3.4 Douglas, James (1968) 
The replacement analysis in this model is performed by using the present worth of 
profits for the present machine and all of its future replacements to an infinite time 
horizon. In this model, the following costs and revenues are considered for all 
machines present and future: (1) revenues from the services of the machines; (2) 
maintenance and operating costs including annual fixed costs; (3) capital costs 
including interest on investment and depreciation charges; (4) discrete costs such as 
overhauls; and (5) income and corporation taxes considering depreciation method 
and recapture of income on sale. 
All these costs and revenues are expressed in mathematical equations. Most of these 
are assumed to have an exponential behaviour with time. Decreasing annual costs or 
revenues are assumed to take the form, y= e-ax; where, a= factor which governs the 
rate of decrease (Figure 3.8 (a)). Increasing annual costs are assumed to behave 
according to y=I- e-ax as shown in Figure 3.8 (b). 
This sophisticated model uses 30 complicated equations with some 64 variables to 
compute the remaining economic life of an existing machine. 'Me factors considered 
in the model include: (1) time value of money; (2) technological advances in 
equipment (obsolescence); (3) effects of taxes; (4) influence of inflation; (5) increased 
cost of borrowed money; (6) continued replacement in future; and (7) increased cost 
of future machines. Due to the complexity involved, the mathematical equations used 
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in the model are not discussed in this section, but the basic elements are explained 
briefly to give an idea about the method of analysis. However, the essential 
components of the complete model are given in Appendix B. 
To find the present worth of the above exponential equations, they have been 
combined mathematically with continuous discount factors which are also of 
exponential nature. The output of the model is the discounted profit, which is the 
revenues less costs, and the only variables are the remaining life of the present 
machine and the expected life of the future machines. The profit values are obtained 
using the computer for different values of the above two input variables. A graph is 
then drawn using different input values and the corresponding profit values as shown 
in Figure 3.9. The expected life of the machines which gives the maximum 
discounted profit is considered to be the economic life for that particular type of 
machines. The remaining optimum life of the present machine can also be found. 
it 
y«l-e ax 
0 
2 
(a) 
4 6 x 
(b) 
where, x is the age of equipment in years and y is any factor which varies with the 
equipment age, for example, operating cost, capital cost or revenue. 
Figure 3.8 Exponential Curves 
source: Douglas (1968) 
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economic Ida 
2 
CL 
12 
Age in years 
profit life 
Figure 3.9 Profit Curve due to Future Cash Flows of Equipment 
source: Douglas (1968) 
3.3.5 Harris, F. C. and McCaffer, R. (1982) 
Harris and McCaffer (1982) suggest a cost minimisation model which could be used 
to determine the optimum replacement age of a piece of equipment. The factors 
considered in the model are the purchase price, the operating costs and the resale, 
value. The analysis considers the time value of money by taking the Equivalent 
Annual Cost (EAC) of each of above three cost items. The method can be 
summarized as follows: 
(1) The purchase price is simply multiplied by the Capital Recovery Factor (CRF) for 
each year of ownership to find the EAC of purchase price. 
(2) The estimated resale value of the machine at the end of each year of life is brought 
to Present Worth (PW) by multiplying it with the corresponding Present Worth 
Factors (PWF) for each year. This is then converted into the EAC of resale value. 
(Although given as a cost, in fact, this is an income to the plant company). 
(3) The operating costs are converted into present worth (PW) values for each year of 
life and then added together to find the cumulative PW of operating cost for a 
particular ownership period. 
n 
PW of operating cost for n years of ownership (operat. cost)t* (PWF), 
t-I 
66 
17hen, this cumulative PW is converted into EAC by multiplying with CRF for 
each year of ownership (PWF and CRF are defined in Appendix E). 
(4) The total EAC is found for each ownership period (n. years) as follows: 
Total (EAC)ný (EAC of purchase price)n + (EAC of operating COSOn 
- (EAC resale value)n 
Ile value of n (equipment life or ownership period) which gives the minimum total 
EAC is the replacement age (optimum life) of the equipment being considered. 
Mie graph of total EAC for an example is shown in Figure 3.10. 
In addition to the above analysis, Harris and McCaffer (1982) recommend an 
economic comparison between the continued ownership of the existing equipment 
and the new equipment to be bought. It also considers the option of hiring or leasing 
equipment. In this economic study, the present worth method is used to evaluate 
different alternatives, considering repeated replacement of the equipment for an 
infinite time horizon. 
In their book on Construction Plant - management and investment decisions, Harris 
and McCaffer also give a method to undertake systematic plant selection, which 
involves a technical evaluation of different plant alternatives. This, they suggest, 
should be carried out after the economic evaluation , but before the final decision on 
replacement is made. 
I 
C) 
10000- 
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total equivalent annual cost 
economic replacement age 
0" "I"i""I"I 
01234567 
Age in years 
Figure 3.10 Economic Replacement Age of Equipment 
source: Harris & McCaffer (1982) 
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3.3.6 Collier, C. A. and Jacques, D. E. (1984) 
This model consists of a set of equations describing the behaviour of each cost 
component of the life cycle costs attribuled to the existing machine (defender) and its 
future replacement machines (challengers). The equipment costs considered in the 
model are: (1) investment cost; (2) depreciation; (3) salvage value (as an income); (4) 
repair, tyres, downtime and obsolescence costs; (5) maintenance and accessories 
costs; (6) taxes and insurance; (7) overhaul costs; and (8) investment tax credit 
rebate. 
Depending on their behaviour with time, the above cost items are divided into the 
following four categories: 
(a) Lump sum values- items. 
(b) Equal annual amounts. 
(c) Costs which increase or decrease annually by an equal amount (arithmetic 
gradient). 
(d) Costs which increase or decrease annually with geometric gradient 
(exponentially). 
These costs are given as two series of equations, one for the defender and the other 
for the first replacement challenger and all subsequent challenger machines for an 
infinite time horizon. The sum of these two series gives the total present worth of 
discounted costs due to retaining the existing machine for another 'N' years and 
replacing with a new machine having an expected life of V years. The replacement 
is assumed to continue at each'I: year thereafter. 
Different values can be assigned for 'N' and V, and the corresponding present 
worth values can be obtained as a cost matrix, with 'N' on one axis and V on the 
other. The values of 'N and V which gives the least cost in this matrix are 
considered as 'the optimum remaining life' of the defender and 'the optimum life' for 
the challenger machines respectively. 
Due to the complexity, the complete model is not presented here, however, the cost 
equations and the other necessary details are given in Appendix B. 
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3.3.7 Peurifoy, R. L. and Ledbetter, W. B. (1985) 
This cost minimisation model considers the following costs in determining the 
optimum replacement time of a piece of equipment: (1) depreciation and replacement 
costs; (2) investment cost; (3) maintenance and repairs; (4) downtime cost; and 
(5) obsolescence cost. 
The method assumes a fixed number of operating hours for each year of equipment 
life. The cumulative values of the above costs are calculated for each year of use and 
these are then divided by the cumulative operating hours to obtain the average hourly 
costs for different years of ownership. The number of years which gives lowest 
average hourly cost is taken as the optimum replacement age of the equipment being 
considered. 
Cost of depreciation and replagement: The depreciation cost is obviously the loss due 
to continued use of equipment. The replacement cost is the loss on replacement of 
the existing equipment at the end of any year which is the difference between the 
purchase price of a new piece of equipment and that of the existing one. 
Investment Cost: This is the cost of investment made at the beginning of each year. 
The amount of investment is found by deducting the previous years depreciation from 
the investment at the beginning of the previous year. 
Investment cost of year n= Investment at the beginning of year n* interest rate 
Maintenance and repair costs: These are calculated separately for each year of 
ownership based on the historical records. 
Downtime cost: Downtime is the time that the machine is not working because it is 
undergoing repair or adjustments. 
Downtime cost per hour = 
downtime %* hourly operating cost 
productivity factor 
These are calculated for each year and then expressed as an average hourly cost for 
different ownership periods. When other equipment items are being served by this 
equipment item, then, the operating cost would be the operating cost of all equipment 
including the serviced equipment. The productivity factor takes into account the 
reducing productivity of the equipment with age. 
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Obsolescence costi Ibis considers the reduction of operating cost of newer machines 
due to technological improvements. 'Me rate of obsolescence is given as a percentage: 
for example, 5%. 
Obsolescence cost per hour = obsolescence rate (%) * hourly operating cost 
3.3.8 Vorster, M. C. and Sears, G. A. (1987) 
This model has been proposed for retiring, replacing or reassigning of construction 
equipment. Vorster and Sears (1987) emphasis the consequential costs due to 
downtime of equipment when assigned for different applications. For example, an 
old equipment item which breaks down frequently is unreliable and if used in a key 
production application, the result would be heavy consequential costs. However, a 
new and reliable equipment item will have higher ownership costs, therefore, it may 
not be economical to use it for a less important application where the consequential 
costs are insignificant. 
The model tries to assign equipment to most economical applications by achieving a 
balance of total equipment costs. The costs considered are ownership, operating and 
consequential costs. 
17he costs attached to a machine M assigned to application a is given by the following 
equation: 
(CoMa + CpMa) 
ECMa 
. Pi Ma 
+ FCS Ma 
where, ECM. = the effective cost of working machine type M in assignment a; 
COM, the tangible cost of continued ownership for machine M in assignment a; 
CPM. the tangible cost of continued operation for machine M in assignment a; 
PIM, the relative productive index for machine M in assignment a; and 
FCSM,, = the failure cost surcharge (consequential cost) for machine M in assignment 
a. 
The calculation of COm,, is done assuming the full purchase prise would be amortized 
over the machine's full economic life for relatively new machines or the marginal cost 
of continued ownership in case of very old machines which have passed the 
economic life. CPMý is found by estimating the average operating cost over the whole 
life of the machine, and for old machines this would be the marginal operating cost 
of continued ownership. 
The relative productivity index Plm,, is used to compensate for the variation of the 
productivity of similar equipment, but with different ages , due to technological 
development. This varies from one application to another for the same equipment. 
This is determined relative to a particular machine considered in the analysis by 
assessing the productivity of each machine in different applications. 
The calculation of the Failure Cost Surcharge (FCS) involves the use of the Failure 
Cost Profile (FCP) together with two other measures for the mechanical performance 
of a particular machine. The failure cost profile is a diagram showing the total 
consequential cost due to the breakdown of a piece of equipment used in a particular 
application. This diagram shows the variation of cost with the failure duration. 
Figure3.11 shows atypical failure cost profile. 
o. 
li? (2) 
cc 
L) L-- 
Figure 3.11 Failure Cost Profile 
source: Vorster & Sears (1987) 
3456 
duration of failure in hours (Hr) 
'Me other measures required may be expressed as: 
HD ý7 
and G 
(V . 100) 
w 
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where, H= average duration of an unscheduled failure; D= number of hours the 
machine was broken down in a particular period; V= number of unscheduled 
failures of the machine in a particular period; 0= number of unscheduled failures' 
experienced by the machine per 100 working hours; and W= number of hours 
worked by the machine in a particular period. 
Iberefore a machine M assigned to application a, the failure cost surcharge per hour 
can be given as: 
Gm 
* 
tir=Hm 
FCS RM *I Ma 100 d 
FCPM. 
fir=O 
where, RM = standard owning and operating cost ratio for a given machine type used 
when defining the vertical scale of the failure cost profile; and GM, Hm, FCPM,, are 
G, H, FCP (Failure cost profile) respectively for machine M assigned to application 
a. 
Now, the Effective Cost (ECMj is found for each piece of equipment M used in each 
application a. For example, ECMIaI, ECMIa2, ECMIa3 are effective costs for 
machine MI when used for applications al, a2 and a3 respectively. This is shown in 
the cost matrix given in Table 3.3. 
Table 3.3 Effective cost of working machine M in assignment a 
Machine 
M* 
mi 
M2 
M3 
Assignment 
al a2 a3 a4 
ECm*al ECm*a2 ECm*a3 ECM*a4 
ECmial ECmia2 ECmia3 ECmia4 
ECM2al ECM2a2 ECM2a3 ECM2a4 
ECM3al ECM3a2 ECM3a3 ECM3a4 
source: Vorster & Sears (1987) 
Here, M* is the new machine to be bought. In Table 3.3, the number of existing 
machines is less than the number of assignments, therefore, this is purely an 
assignment problem. If the number of existing equipment items is equal to the 
number of assignments, then, the introduction of a new equipment item (Challenger) 
will determine which of the old equipment items is the most economical to be 
replaced. 
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3.4 SUMMARY 
Two types of mathematical models for maintenance optimisation were briefly 
described. These models could be used to find: (1) the optimum times for 
maintenance activities such as inspection, replacement, repair and overhaul of 
equipment; and (2) the optimum numbers or quantities of maintenance resources such 
as maintenance labour, machines/tools and spare parts/materials. The use of 
mathematical techniques such as queuing theory and simulation were also briefly 
described. All the above models have been proposed generally for industrial 
equipment with exception of some inventory models for construction equipment 
(Harris & McCaffer, 1982). 
Equipment replacement models were briefly described in order to show the different 
techniques introduced by previous researchers to determine the optimum life of 
equipment. The above models could be broadly categorised as cost minimisation or 
profit maximisation models. Most of these models have been proposed specifically 
for construction equipment. The economic evaluation in these models is usually 
based on either present worth or equivalent annual cost cash flows due to the 
equipment; however, there are few models which do not consider the time value of 
money at all. The models which use the present worth criterion consider repeated 
replacement of equipment for an infinite time horizon. The number of factors such as 
the capital cost, depreciation, operating cost, downtime, inflation, time value of 
money and obsolescence considered in the analyses vary from one model to another. 
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CHAPTER'FOUR 
A NEW APPROACH FOR OPTIMISAT101\4 IN MAINTENANCE AND 
REPLACEMENT OF CONSTRUCT10N EQUIPMENT 
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4.2.1 Application of General Maintenance Models in Construction Equipment 
Maintenance. 
4.2.2 Proposed Model for Construction Equipment Maintenance 
4.2.3 Data Collection, Model Construction and Validation 
4.3 A Model for Replacement Analysis 
4.3.1 Shortcomings of Existing Replacement Models for Equipment 
4.3.2 Proposed Model for Construction Equipment Replacement 
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4.1 INTRODUCTION 
In Chapter 3, some of the existing maintenance models were briefly explained. Most 
of these models have been proposed for maintenance of industrial equipment. 
However, Chapter 3 did not address the possibility of using such models in the 
specific area of construction equipment maintenance. 
This chapter examines the requirements of the above maintenance models if they are 
to be used for optimisation of construction equipment -maintenance. Basically two 
types of maintenance models, those for determining optimal maintenance times and 
those for optimising maintenance resources are considered in this study. The main 
difficulties in the practical application of mathematical maintenance models, and the 
steps to be taken by the equipment owners and the manufacturers in order to improve 
the situation are also briefly described. 
A new mathematical model, using the technique of simulation for maintenance 
optimisation of construction equipment, is proposed. Data collection for construction 
and validation of this model is also explained. However, the actual model 
construction and the validation are described in Chapter 6 and Chapter 9 respectively. 
In addition to the maintenance models, Chapter 3 presented some of the replacement 
models proposed by the previous researchers. Despite the amount of work done in 
this area, the use of such models in equipment companies is not very significant 
(Chapter 2). Therefore, this chapter examines the reasons for the low usage of the 
existing models and assesses the shortcomings of such models. 
Considering most of the important replacement factors neglected in the previous 
models, an improved replacement model is introduced in the second half of this 
chapter. This new model is developed and presented in Chapter 7, and testing of the 
model is described in Chapter 9. 
The relationship between the maintenance model and the replacement model is briefly 
described in Section 4.4. 
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4.2 A MODEL FOR MAINTENANCE, OPTIMISATION 
In this section, a mathematical model is proposed for construction equipment 
maintenance. There are many mathematical models suggested by researchers for 
optimising maintenance functions, particularly in the area of industrial equipment 
maintenance. Section 4.2.1 gives a brief account of the application of such general 
maintenance models to construction equipment maintenance. 
4.2.1 Application of General Maintenance Models in Construction 
Equipment Maintenance 
The first type of maintenance model considered in the previous chapter was that 
proposed for determining optimal maintenance times. There may be possible 
applications for these models in construction equipment maintenance. These models 
could be used to find the optimal frequencies to perform such tasks as oil sampling, 
overhauls, inspections, and replacement of items like batteries, brake liners and 
clutch plates. 
Chapter 2 showed that most of the equipment owners carry out maintenance 
activities such as those mentioned above according to a schedule based on the 
manufacturers' recommendations. For example, manufacturers recommend that 
lubrication, changing of filters and services should be done at intervals such as 100 
hours, 200 hours and so on. Sometimes these times may be unscheduled and 
arbitrarily selected. A Sri Lankan contractor, for example, performs engine 
overhauls on certain types of equipment every four years. There was no scientific 
base for this four-year overhaul period, but the contractor simply believed that the 
equipment would normally give more breakdowns and the operating costs tend to 
increase after continuous use of four years. 
Now, the question arises as to whether there are any real applications of the optimal 
maintenance timing models in construction equipment maintenance. Before applying 
these models in real maintenance situations, one has to find all the data required for 
the models, which include: (1) the breakdown rate of equipment as a function of 
equipment inspection frequency; (2) the behaviour of unit operating costs of 
equipment with time; (3) unexpected failure costs; (4) costs of preventive inspection, 
replacement and repair; and (5) consequential cost or loss of revenue due to 
equipment breakdowns. 
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The main difficulty in doing this is the unsatisfactory levels of record keeping among 
the equipment companies. As shown in Chapter 2, equipment companies maintain 
only certain types of records depending on the companies' current requirements. 
Therefore, applying a mathematical maintenance model may not work because some 
of the most important data do not exist, and eventually the model may have to be 
abandoned. 
The second major difficulty concerns the existing maintenance policies of the 
equipment companies. Any company will have operated only a few different 
maintenance policies in certain contexts such as the frequency of inspection, overhaul 
timing and oil sampling, within their lifetime. This makes it difficult to estimate the 
effects of different policies on the equipment performance. Thus if the effects of the 
degree of maintenance on equipment performance were needed, one might not be able 
to do this on the basis of records of the company concerned, if its own maintenance 
p olicy had been narrowly defined. For example, estimating the effects of the 
frequency of inspection on the breakdown rate may not be possible, as the experience 
on one company of such policies is limited. 
Therefore, the application of optimal maintenance timing models in construction 
equipment seems to be very difficult under the present circumstances. There are two 
major steps to be taken by both equipment owners and manufacturers if this situation 
is to be changed. The equipment owners must keep all the maintenance and other 
relevant equipment records on a systematic basis and the equipment manufacturers 
should make the attempt to collect such data from the users of their equipment. These 
pooled data for similar equipment from many equipment companie's with different 
maintenance policies could then be used in the above mathematical models to find the 
optimal times for different maintenance activities of construction equipment. 
The other type of maintenance model discussed in Chapter 3 is the maintenance 
resource optimising model, which includes inventory models for spare parts and 
materials, queuing and simulation models. 
Inventory models which find the economic order quantity of spares and materials are 
relatively easy to apply in the construction equipment companies. However, the need 
for accurate and reliable data is a main disadvantage in this type of model too. 
Discussions with equipment managers revealed that determining the economic order 
quantities using scientific inventory models is very rare in practice, and the spares 
and materials ordering is based, instead, on the factors such as approximate demand 
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for those , the arbitrarily selected safety stocks and the availability of space in the 
stores etc. Some plant companies use record cards for each item of spare parts with 
minimum and maximum stocks to be held, and the re-ordering stock level 
stated on them (Yero, 1984). This re-ordering point is based on the normal usage 
rate and the time taken to deliver the spares or materials to the stores. 
The next type is the model based on queuing theory. The possible applications 
include determination of optimum size of repair crew and optimum number of 
maintenance store service personnel. There are few examples on the use of queuing 
theory in maintenance gang optimisation. Curruthers et al. (1970) used a queuing 
model to find the optimum size of the repair gang for equipment used in an opencast 
coal site at Westfield, Scotland. However, queuing theory has limited applications in 
maintenance gang optimisation of construction equipment companies. This is 
particularly so when: 
(1) There are several types of equipment served by the same repair gang. 
(2) Different equipment have different working hours. 
(3) Breakdown and repair frequencies do not follow standard probability 
distributions ( usually Poisson and Negative Exponential). 
(4) There are priority rules other than the First Come First Served basis. 
(5) Repair work depends on other factors such as the availability of spares, 
transport delays and overtime working. 
As discussed in Chapter 3, Simulation models could also be used to solve 
maintenance problems. Unlike queuing theory, simulation can be applied to any 
detailed and complex maintenance problem. It may be possible to simulate the 
operation of a whole maintenance department in order to examine the effects of 
different maintenance policies and thereby select the optimum solutions (Kelly and 
Harris, 1978). Husband (1976) gives a real application of the simulation technique 
in a maintenance department of an engineering firm. This example is too simple to be 
compared with the complex maintenance situation found in a construction equipment 
company. However, it indicates that simulation models might have potential 
applications in the area of construction equipment maintenance provided that the 
necessary input data for those models can be found. 
78 
4.2.2 Proposed Model for Maintenance 
Ile comparative study in the previous section gave the initial idea for this research of 
building a computer simulation model to simulate the whole maintenance function of 
a construction equipment company. However, after having discussed the matter with 
several equipment managers of Sri Lankan equipment companies, the construction of 
such a simulation model appeared to be impossible. The reasons were: 
(1) The complexity of a whole maintenance system due to many interacting 
sub- systems. 
(2) The amount of data required for a model representing a whole 
maintenance system is enormous, hence, data collection itself is a big 
problem. 
(3) Most of the necessary data are not available in written form , for example, 
the workshop machine hours spent on each repair; therefore, one has to 
observe and collect them for a long time period. However, this seems an 
impossible task for an individual because there are so many maintenance 
activities occurring simultaneously at several places. 
(4) The difficulty in quantifying some factors and the lack of knowledge of 
the behaviour of some equipment variables , for example, the breakdown 
rate with respect to the frequency of inspection. 
'Merefore, the simulation model had to be limited to a particular maintenance area 
instead of considering the entire maintenance system as a whole. The selected area 
for the purpose of this research was the repair function of equipment, and it was 
decided to build a computer model to simulate the Equipment-Repair crew sub- 
system of a construction plant company. 
The starting point of this model was the hypothetical relationship between the 
equipment downtime and the degree of maintenance available in an equipment 
company. As authors like Harris and McCaffer (1982), Corder (1976) and many 
others have pointed out, there is an obvious relationship between the degree of 
maintenance and the equipment downtime. 'Me degree of maintenance could be the 
level of any maintenance facility or resource used for equipment. In the proposed 
model the maintenance facility considered is the number of repair personnel available 
in the maintenance department. According to the relationship mentioned above, when 
the number of repair personnel is reduced then the total equipment downtime 
becomes higher and vice versa. The equipment downtime is the result of equipment 
waiting for repair, which is simply the time between a breakdown and the 
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commencement of repair, due to lack of repair staff. The above relationship is 
graphically presented in Figure 4.1. 
IN. 
size of repair crew 
Figure 4.1 Relationship between Equipment Downtime and Size of Repair Crew 
Downtime of equipment causes disruptions to the construction work for which the 
equipment have been assigned, and these disruptions in turn result in extra costs to 
the company. These extra costs are normally called consequential or downtime costs. 
Therefore, a policy of having a particular number of repair personnel results in two 
types of costs, the direct cost of the repair crew and the indirect cost due to equipment 
downtime. These two types of costs usually behave in such a way that at a particular 
point, the total cost related to repair crew, the sum of both direct and indirect 
(downtime) costs, becomes a minimum. The size of the repair crew at this point is 
called the optimum size of the repair crew. This is shown in Figure 4.2. 
optimum size 
size of repair crew 
Figure 4.2 Direct and Indirect (Downtime) costs due to the Repair crew 
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The direct cost of the repair crew can be found by multiplying the number of repair 
personnel by their average wage. To find the downtime cost, one has to first establish 
the exact relationship between the equipment downtime and the size of the repair 
crew, however, this cannot be done using arithmetics or mathematical equations. As 
mentioned in the previous section, the only possible way could be through the 
technique of simulation. Therefore, the purpose of the proposed simulation model is 
to find the corresponding equipment downtimes for different numbers of repair staff 
by simulating the equipment-repair crew system and thereby determining the 
optimum size of the repair crew. A schematic representation of the above processis 
given in Figure 4.3. 
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4.2.3 Data Collection, Model Construction and Validation 
The final simulation model would be a computer program, which could be used by 
construction equipment companies to find the optimum repair gang size for their 
equipment fleet engaged in a particular constfuction work. The construction of the 
simulation model is explained in greater detail in Chapter 6, therefore, it is not 
included in this section. 'Me logical construction of the model alone would not prove 
its applicability in real situations. Therefore, the final maintenance simulation was 
applied to a real equipment fleet , and the actual and model results were compared to 
check the validity of the model. The validation part together with the chosen case 
study is presented in Chapter 9. 
Data collection for the model was done in two stages. The first stage included the 
general data for investigating the equipment characteristics such as failure time 
distributions, failure rate, repair times and average number of personnel per repair 
(see Chapter 5). The second stage concerned only the data necessary for the 
validation of the model. 
The collection of general data was carried out in Sri Lanka during a period of about 
18 months. For obvious reasons, it was not possible to cover all the construction 
and plant hire companies in Sri Lanka. Therefore, a stratified sample of six 
companies was taken for this purpose, and data for most of the equipment of these 
companies were obtained from historical records. Two companies of the above 
sample were government owned, and two were semi- government companies. The 
other two companies were private contractors. The semi - government companies 
had the practice of hiring out the equipment in addition to using them in their own 
construction work. The two private companies used their equipment for their own 
construction work only. 
Data for the validation study were collected from a quarry site located in the North- 
Western province of Sri Lanka, and the data collection was done within a period of 
about eight months. These data included the downtimes of equipment, time waiting 
for repair crew, working hours of equipment and repair staff, number of repair staff 
available, and equipment delays due to transport, waiting for spares, etc. in addition 
to those mentioned in the second paragraph of this section as general equipment data. 
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4.3 A MODEL FOR REPLACEMENT ANALYSIS 
This section explains the basic features of a new equipment replacement model 
proposed by the author. First, the shortcomings of existing replacement models are 
discussed in order to identify the basic changes needed to make the replacement 
analysis more realistic. 
4.3.1 Shortcomings of Existing Replacement Models for Equipment 
The previous replacement models could be broadly divided into two categories, 
namely, cost minimisation and profit maxin-dsation models. Most of these models 
were briefly explained in Chapter 3. 
Of the cost minimisation models, Nichol's (1961) model could be considered as the 
least accurate method of replacement analysis. The cost calculations of this model are 
based on tables with empirical values rather than historical equipment records, 'hence 
the model could give erroneous results. This kind of replacement analysis is , 
therefore, not recommended for construction equipment. 
Other cost minimisation models proposed by researchers like Taylor (1923) and 
Terbourgh (1949) have not considered most of the important factors in the analysis. 
'Me models proposed by Harris & McCaffer (1982) , Peurifoy & Ledbetter (1985) 
are better, but still need improvements to make them more practical. A sophisticated 
cost minimisation model was proposed by Collier & Jacques (1984), in which they 
considered one of the often neglected but very important factors, the downtime cost 
of equipment. Peurifoy & Ledbetter also explained, in their model, how to consider 
downtime costs in the replacement analysis. 
Douglas' (1968) profit maximisation model introduced a different approach to the 
replacement analysis by considering the profit maximisation instead of cost 
minimisation. However, the model consists of many mathematical equations making 
the analysis extremely difficult. Collier, Jacques and Douglas considered equipment 
data for an infinite time horizon, which has added more complexity to the replacement 
analysis. This may be one reason why equipment owners are not using these most 
sophisticated models for replacement of their equipment. 
Vorster and Sears (1987) are probably the first to introduce a more accurate method 
of calculating the downtime or consequential cost and to use it in the replacement 
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analysis. This model, however, does not consider the factors such as the time value 
of money, annual utilisation or demand for equipment and inflation, which are 
equally important as the downtime costs. 
In summary, almost all of the previous replacement models do not totally satisfy the 
requirements of a realistic replacement model for construction equipment. As shown 
in Chapter 2, this is probably the main reason for low usage of mathematical models 
by equipment companies in making replacement decisions. Those models fail to 
consider all the important aspects in the analysis; most of the models have considered 
few aspects in depth whilst neglecting some other important aspects. Table 4.1 gives 
a comparison of the models mentioned above along with the replacement factors 
considered by them. Also, the shortcomings of the models are summarized below, to 
show why the usage of these models in practice is not significant: 
(1) Omission of some of the intangible or difficult to quantify, but important 
factors such as the downtime cost in the analysis in the attempt to achieve 
quantitative precision. 
(2) Omission of some of the important factors such as inflation and the time 
value of money as a result of concentrating more on certain other aspects 
in the replacement analysis. 
(3) Omission of most of the conditional factors which very often influence the 
actual replacement decision; these conditional factors include the 
constraints due to limited capital resources, work requirement or demand 
for equipment, capacity of maintenance section and availability of hire 
equipment in the market. 
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- 4.3.2 Proposed Model For Construction Equipment Replacement 
This new model is proposed as an attempt to incorporate all the possible decision 
factors into the replacement analysis. The objective of the model could either be 
profit maximisation or cost minimisation depending on the requirement of the analyst. 
Normally, the concept of profit maximisation is valid only for plant hire companies, 
which usually operate as profit centres. In contrast, contractors mainly consider their 
equipment fleets as service centres and do not receive any direct income from 
equipment. In such a situation, the objective should be cost minimisation. However, 
companies which are subsidiaries of large construction companies operating as profit 
centres can use profit maximisation as their model objective. 
The proposed model has an objective to achieve, either cost minimisation or profit 
maximisation, subject to some real life constraints (conditional factors mentioned in 
the previous section). Hancher & Gerbert (1976) give an example of optimising 
capital investment in construction subject to budgetary constraints of a construction 
company. The method used in this example was the Linear Programming 
technique, which is the most popular method to optimise (minimise or maximise) 
an objective function subject to several constraints. The same technique is used in the 
proposed replacement model to make the op timum replacement decision. 
The proposed model uses the whole j7eet or group of equipment approach in the 
replacement analysis. In an equipment company, there are many factors common for 
the entire fleet or for a particular group of equipment. For example'. the size of the 
repair crew may have a considerable effect on downtime, hence on the profit or cost 
of each item of equipment, if it is common for the whole equipment fleet of the 
company. The constraints, mentioned in the previous section, affecting the 
replacement decision also fall into this category. For example, the capital resources 
available are to be shared among all types of equipment in the company when 
purchasing new equipment to replace the older items. Therefore, it is important to 
undertake the replacement analysis considering the whole fleet together rather than an 
individual piece of equipment at a time. In this approach, the model not only 
considers the equipment already in the company but also the new items of equipment 
which are possible candidates to replace the older equipmen 
The economic evaluation in the replacement analysis is based on the discounted costs 
or profits of existing equipment and those of new equipment. 17he cost or profit of an 
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existing item of equipment could be in terms of marginal or average values depending 
on whether it has passed the economic life or not (Figure 4.4). The economic life is 
the age which gives the minimum annual average cost or the maximum annual 
average profit. 
average annual - average annual 
Cos; profif 
v 
economic life 
age 
economic life 
age 
Figure 4.4 Life- cycle Cost/ Profit Curves and Economic Life of Equipment 
In the replacement analysis, the Integer Linear Programming (ILP) model selects the 
optimum combination of existing and new equipment to give the minimum total 
discounted cost or the maximum total discounted profit for the whole equipment fleet 
or for a group of equipment, subject to the relevant constraints. This determines 
which of the existing equipment are to be disposed of and which of the new 
equipment are to be bought. The model could also be used to find the best 
assignments (work applications) for equipment based on the downtime costs due to 
them in different applications. (This is explained completely in Chapter 7). 
In any economic analysis the time value of money cannot be ignored. Most of the 
previous researchers incorporated this factor by considering either the Present Worth 
or the Equivalent Annual Cost of cash flows of a piece of equipment during its life - 
cycle. In the present analysis, all equipment costs and revenues made in different 
years are brought to a common base by taking their equivalent annual values (Annual 
Worth or Uniform Annuity Series). This makes the comparison of different 
equipment alternatives easier (Levy & Sarnat, 1987). However, the equivalent 
annual method is more accurate when the replacement of a particular piece of 
equipment is repeated for an infinite time period. 
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The replacement analysis is achieved in several steps. Ilie steps are as follows: 
(a) For each item of equipment the discounted life-cycle cost or profit curve is 
drawn (to draw these curves all the influencing factors other than the 
conditional factors should be considered). 
(b) The present position of the equipment on the above curve is then 
determined. 
(c) If the equipment has not yet passed the minimum cost or maximum profit 
point (economic life) on the curve, then the corresponding minimum 
equivalent annual cost or maximum equivalent annual profit is taken as the 
input parameter. 
(d) If the equipment has passed its economic life (optimum cost or profit 
point), then the marginal cost or profit for next year is calculated. 
(e) The constraints such as capital resources, work requirement or demand for 
equipment, availability of equipment and maintenance capacity are found. 
These constraints may apply to a particular group or to the entire fleet of 
equipment. 
(f) Then the parameters determined in steps (c) and (d), for a group or for the 
entire fleet of equipment, are included in the objective function of the ILP 
replacement model with the parameters determined in step (e) as its 
constraints. The objective function and the constraints not only consider 
the parameters of the existing old equipment (defenders) but also those of 
the new equipment (challengers), which the company intend to buy if 
economical. 
(g) The ILP replacement model is then solved to find the optimum 
replacement decision. A sensitivity analysis can also be undertaken to 
find the corresponding changes in the optimum solution with respect to 
any changes in the influencing factors. 
Figure 4.5 is a schematic representation of the proposed replacement analysis. 
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Figure 4.5 A Schematic Representation of Proposed Replacement Analysis 
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4.3.3 Data Collection , Model Construction and Validation 
The construction of the ILP replacement model is explained in detail in Chapter 7, 
therefore, it is not repeated again in this chapter. The calculation of input parameters 
required for the replacement model is described in Chapter 8. The developed ILP 
model was considerably large, therefore, it cannot be solved using a manual method, 
and this necessitated the use of a computer. As there are many computer software 
packages available for solving linear programming problems, it was decided to use 
one such package instead of spending time on the laborious task of writing a new 
computer program. 
The development of the model alone would not achieve the objectives of this 
research. The model has to be checked for its validity, and it was decided test the 
model using a case study. The plant subsidiary of large construction company in the 
UK agreed to apply the model to some of its equipment, and the results of this case 
study are presented in Chapter 9. Equipment data regarding maintenance and repair, 
availability, purchase price, demand, overheads , hire rates etc. were obtained from 
the company records. Certain parameters such as the resale value at different ages of 
equipment were estimated using historical records and experience by a senior 
manager of the company. 
The data were analysed and the following curves were drawn for each type 
equipment: 
(1) cumulative use vs. age; 
(2) cumulative maintenance and repair cost vs. age; 
(3) cumulative revenue vs. age; 
(4) resale value vs. age; 
(5) equivalent annual profit vs. age. 
The results of the data analysis are presented in Chapters 8,9 and Appendix F. 
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4.4 COMBINATION OF THE MAINTENANCE MODEL AND 
THE REPLACEMENT MODEL 
The purpose of the maintenance model is to find the optimum size of repair crew 
giving the minimum total cost of downtime and repair crew. The cost of repair crew 
is a part of the maintenance/repair costs (operating costs). The replacement model 
uses maintenance and repair costs, and downtime costs as its input parameters in the 
replacement analysis. Therefore, the optimum costs obtained from the maintenance 
model can be used in the replacement model to determine the best replacement 
strategies for equipment. Although, the present maintenance model considers only 
the equipment-repair crew sub-system, in the future it may be possible to further 
develop the model in order to simulate the whole maintenance department of a 
company. Such a model not only can determine the best maintenance policies but also 
can provide optimum maintenance/repair costs and downtime costs for the 
replacement model. Therefore, the maintenance model is some kind of a primary 
optimisation model and the replacement model can be considered as a secondary 
optimisation model. Figure 4.6 illustrates the relationship between the maintenance 
model and the replacement model. 
Equipment failure data 
Maintenance data 
Downtime data 
Ma I intenance Model 
Optimum 
Maintenance 
Policies 
Primary 
Optimisation Model 
Optimum 
Downtime and 
Maintenance/Repair 
costs 
Replacement Model 
I 
Optimum 
Replacement 
Policies 
Revenues 
Ownership costs 
Constraints 
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Optimisation 
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Figure 4.6 Relationship between the Maintenance Model and the Replacement Model 
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4.5 SUMMARY 
The unsatisfactory levels of record keeping among the equipment companies can be 
considered as the main difficulty in applying general maintenance models, proposed 
for industrial equipment maintenance, in the area of construction equipment 
maintenance. The narrowly defined maintenance policies of equipment companies 
could be another disadvantage. This makes it difficult to estimate the effects of 
different maintenance policies on the equipment performance, which is an extremely 
important factor in most of the maintenance models. Therefore, if mathematical 
models, particularly models determining optimal maintenance times, are to be used 
in construction equipment maintenance, the following steps have to be taken. 
(1) The equipment owners must keep accurate records of maintenance and 
relevant equipment data in a more systematic and easy to abstract manner. 
(2) The equipment manufacturers should collect such records from the users of 
their equipment and supply the pooled data and information back to users 
(equipment owners) to be used in the development and implementation of 
mathematical maintenance models. 
Although the application of optimal maintenance timing models is extremely difficult 
with the current maintenance practices, some mathematical techniques such as 
simulation seem to have potential applications in maintenance optimisation. 
Therefore, a mathematical model using the technique of simulation is proposed, by 
the author, to be used in determining the optimal size of the repair crew of a 
construction equipment company. 
One of the main reasons for the lack of use of mathematical models for replacement 
of construction equipment is the fact that, most of the existing models have failed to 
consider some very important issues in making the actual replacement decisions. 
These issues include the constraints due to certain conditional factors such as limited 
capital resources, future demand or work requirement of equipment, capacity of the 
maintenance section and the availability of hire equipment in the market. 
With a view to improve the current replacement practice a new replacement model is 
introduced. This model, which uses the technique of Integer Linear Programming, 
can be used to make optimum replacement decisions, with the objective of either 
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minin-lising cost or maximising profit of equipment, subject to real life constraints. 
It can be applied either to a group of equipment or to the entire equipment fleet of a 
company. 
It is possible to combine the maintenance model and the replacement model to form 
an integrated system. A hypothetical example, applied to both the maintenance and 
replacement models, is presented in Chapter 9. 
11 
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5.1 INTRODUCTION 
This chapter considers the failure and repair characteristics of construction 
equipment. Prior to the construction of the maintenance model described in Chapter 
6, it was necessary to exan-dne the behaviour of certain parameters such as failure rate 
(failure frequency or probability) and repair times of equipment. 
Most of the previous research work undertaken on failure times and repair times 
concentrated on industrial equipment and assumed these parameters to be distributed 
according to the Exponential distribution for the purpose of using them in queuing 
models. The present simulation model can be considered as a first time maintenance 
model for construction equipment. Therefore, it was essential to investigate the 
actual distributions of failure times (Time To Failure-TTF) and repair times (Time To 
Repair-TTR) of different types of construction equipment rather than adopting the 
assumptions made by earlier researchers. 
, 
Section 5.2 describes the types of construction equipment and types of failures 
considered in this study. Due to the limited time available for data collection during 
the author's stay in Sri Lanka, only certain types of earth moving equipment were 
selected for this analysis. 
Failure rate is described in Section 5.3; the main objective here was to find the exact 
statistical distribution that would represent the probability of failure or the failure rate. 
In this section, the frequency histograms given by actual failure data are compared 
with several standard statistical distributions such as Exponential, Normal, Erlang 
and Weibul distribution. Sub-section 5.3.3 gives a brief account on the effects of 
make, size, and age of equipment, type work done (operating conditions) and degree 
of maintenance on the failure rate of equipment; only crawler tractors were considered 
in this analysis as they were the largest equipment sample available. The accuracy of 
predicting failure rate for the future from historical data was checked, and the results 
are presented in sub-section 5.3.4. 
Section 5.4 investigates the most suitable statistical distribution for repair times and 
prediction of future repair times of construction equipment. It also examines the 
average number of repair personnel used for repairs-, the objective of this was to 
model the entire repair crew as a multi-server system with several repair teams of 
average size. 
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5.2 TYPES OF EQUIPMENT AND TYPES OF FAILURES 
CONSIDERED IN THE ANALYSIS 
Due to limited time available for data collection, all types of construction equipment 
were not considered in this study. The equipment types were limited to earth moving 
equipment including crawler tractors, wheel loaders, motor graders, motor scrapers, 
excavators and dump trucks. In most earth moving operations, other equipment such 
as compactors and water bowsers are used, however, due to lack of data these 
equipment were not considered in the analysis. Equipment data were collected from 
six plant hire and contracting companies in Sri Lanka, during a period of eighteen 
months. However, some equipment items of these companies were excluded from 
the analysis due to incomplete historical records. 
Table 5.1 gives the number of each type of equipment considered in the analysis. 
Table 5.1 Types and Numbers of Equipment Considered in the 
Analysis 
Equipment Type Number 
Crawler Tractors 24 
Motor Graders 8 
Motor Scrapers 9 
Wheel Loaders 12 
Hydraulic Excavators 5 
Dump Trucks 13 
Total 71 
The data sheets used for the data collection are given in Appendix C. The main data 
included in these data sheets are given below. 
(1) Types of failure. 
(2) Failure times (Time To Failure-TTF). 
(3) Time taken for repairs (Time To Repair-TTR). 
(4) Size of the repair tearn. 
(5) Resources spent on repairs. 
The general information such as the model, size, type of work done, age and 
mechanical condition of equipment were also collected along with the main data. The 
period for which the data were collected varied from one year to about three years. 
Therefore, it was very difficult to obtain data on the type of work done or the work 
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conditions as most of the equipment had been used for different types of applications 
in different periods of their life. 
There were many types of failure; for convenience, all these failures were categorized 
into eight classes. These classes were: (1) engine; (2) transmission system; (3) 
hydraulic system; (4) electrical system; (5) wheels (or track) (6) cooling and 
lubrication system; (7) body and attachments; and (8) unspecified failures. 
This division would not cause any serious inaccuracy of the analysis , as the failure 
characteristics, for example the failure rate is not expressed in relation to the type of 
failure. This type of analysis for all different failure types could only be done with a 
large number of similar equipment, therefore, it was not possible with small 
equipment companies in Sri Lanka. 
Routine maintenance such as replacement of filters, oil changing or small adjustment 
of components were not considered as random failures , hence they were not 
recorded. The failures due to accidents were also excluded from the study. In fact, 
there were no such accidents seen in the historical records. These types of accident 
are more frequent during transporting the equipment than in operation. However, 
accidents during operation are still possible , for example, rolling down a slope, and 
most of these accidents cause severe damage resulting in major repairs. In such 
major repairs machines have to be completely removed from the work sites which 
usually require replacement machines to work on permanent basis. 'Ilierefore, major 
repairs which cause permanent removal of machines from site were also excluded 
from the study. 
It is normal, for construction equipment to have a few overhauls during its useful 
life. These overhauls are usually carried out as planned maintenance , hence cannot 
be considered as random failures. According to equipment managers, overhauls at 
prescribed intervals could improve the equipment efficiency and also could slightly 
reduce the rate of random failure. The overhauls were not taken into consideration, 
and also the improvement of the mechanical performance after overhauls was not 
checked as it was not the objective of this study. 
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5.3 FAILURE RATE OR PROBABILITY OF FAILURE 
Failure rate is not the time between failure (time to failure) which is the main type of 
data collected under the research. In fact, failure rate is inversely proportional to the 
time to failure. The mean failure rate for a particular time interval could be given as: 
Mean Failure Rate = 
Number of Failures 
Time 
I 
Mean Time To Failure 
The following sections explain the failure rate or the probability of failure and the 
existing theory on the failure rate of general equipment suggested by previous 
researchers. 
5.3.1 Previous Work and Theory 
Previous researchers have tried to establish various statistical distributions for failure 
rates of different equipment. Jardine (1973) suggested that failure rates for different 
equipment are not the same and there are several probability distribution functions 
such as the Negative Exponential, Normal, ErIang and Weibul which describe the 
nature of the failure rate. 
A study done on Transit Buses by Rueda and Miller (1985), showed that bus 
components such as brakes, clutch, starter, air compressor and transmission had 
failure distributions of Weibul and Logistic nature. But this study did not investigate 
the failure rate of buses as complete units. 
In the study undertaken by Carruthers at al (1970), they found that the arrival rate of 
a certain type of Truck to the workshop for repair had a Poisson distribution. This 
means that the failure rate of the trucks was Negative Exponential. 
Jurecka (1978) suggested the following distributions for the failure rate of 
construction equipment: 
(a) Erlang distribution for machines with only a few independent parts. 
(b) Exponential distribution for machines with a greater number of 
independent parts. 
(c) Hyper- exponential distribution for machines which require fine 
adjustment for production. 
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But in Jurecka's research paper on 'Repair-Costs & Preventive Maintenance of 
Heavy Earth Moving Equipment' (Jurecka, 1978), nothing is said about the exact 
shape of the failure rate of different construction equipment. There has been no 
research work to date studying this aspect of the failure characteristics of 
construction equipment. 
The actual failure probability of construction equipment could take any kind of 
statistical distribution. Therefore, it is necessary to study the basic features such as 
the shape and the Probability Density Function (PDF) of all possible statistical 
distributions before investigating the actual failure distributions of equipment. The 
Normal, Exponential, Erlang and Weibul distributions are briefly explained in the 
following sub-sections. 
5.3.1.1 Normal Distribution 
Equipment which fail according to a normal distribution give a symmetrical bell- 
shaped curve as shown in Figure 5.1. These equipment tend to fail at some mean 
operating age, m, with some failing sooner and some later, with a dispersion or 
standard deviation, s, in the recorded times to failure. The PDF of time to failure (t) 
closely follows the following equation: 
12 f(t) = --, e 2s 
sF2ic 
Electric bulbs and bus engines are known to fail according to this distribution 
(Jardine, 1970). 
f(t) 
m Time To Failure (t) 
Figure 5.1 Probability Density Function of the Normal Distribution. 
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5.3.1.2 Negative Exponential Distribution 
This is often referred to as the Exponential distribution and the PDF of this is given 
by: 
f(t) ke 
where X= average failure rate. 
'Me Negative Exponential distribution is most appropriate for situations where failure 
of a piece of equipment can be caused by any one of components which comprise the 
whole equipment (Jardine, 1970). 
5.3.1.3 Hyper-Exponential Distribution 
Equipment which have most of TTF values either very short or very long show 
Hyper-Exponential failure behaviour. In this distribution, the short times and long 
times are more frequent than those in the Negative Exponential distribution. 
Electronic computers are known to have this type of failure (Jardine, 1970). 
Figure 5.2 shows both Negative Exponential and Hyper- Exponential distributions. 
PDF 
f (t) 
Time To Failure (t) 
Figure 5.2 Probability Density Functions of the Hyper-Exponential & Negative 
Exponential Distributions (Source: Jardine, 1973) 
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5.3.1.4 Erlang Distribution 
The Erlang distribution has the following PDF: 
f (t) -(k 
1 
1)! 
Xk t (k -I) e('" 
This is really a family of distributions; to each k corresponds one particular 
probability density distribution. When k=l, the Erlang distribution reduces to the 
Exponential distribution. For k>30, this distribution is best replaced by the Normal 
distribution (Savic' and Savic', 1989). In Figure 5.3, various curves which 
correspond to different k values are shown. 
If the Erlang distribution is selected for the random failure of equipment I 
represents the average time between two consecutive failures. Jurecka (1978) 
suggests this failure probability function for equipment with few independent parts 
or components. 
PDF 
f (t) 
Time To Failure (t) 
Figure 5.3 Probability Density Function of the Erlang Distribution 
(Source: Savic' & Savic', 1989) 
5.3.1.5 Weibul Distribution 
The Weibul distribution is an empirical distribution which appears to fit a large class 
of other probability distributions. The PDF for the Weibul distribution is: 
f(t) = %C (Xt) C -1 exp[ - (Xt)c ,t ; -> 0 
where, X is a scale parameter (X> 0) and c is a shape parameter (c > 0). 
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By alteration of the parameter c the Weibul distribution approximates to the form of 
Hyper-Exponential, Negative Exponential and Normal distributions. This is 
illustrated in Figure 5.4. When c=3.602 it closely approximates a Normal 
distribution; the Hyper-Exponential distribution is represented by c values less than 
one and the Exponential distribution when c =1. In general when c is less than 
approximately 3, it represents the PDF of a purely random variable (Kelly and 
Harris, 1978). 
PDF 
1(t) 
Time To Failure (t) 
Figure 5.4 Probability Density Function of the Weibul Distribution 
(Source: Bratley et al., 1987) 
5.3.2 Probability Distribution of Failure Times 
To find the failure rate or the probability distribution of failure of equipment, the 
relative frequency diagrams were drawn for each item of equipment using the Time 
To Failure (TTF) values for equipment. TTF is the working time between two 
consecutive failures and this does not include the repair time or the waiting time for 
spare parts/materials and for the repair personnel. Before drawing the above 
mentioned frequency diagrams all TTF values were rounded off to the nearest hour 
for convenience. Although each of these relative frequency histogram gave a series 
of classes of TTF with discrete frequency percentages, the actual distribution of TrF 
should be a continuous one due to the fact that a piece of equipment can break down 
at any time in reality. Tberefore, the actual distribution of TTF can be assumed as a 
continuous statistical function which could be represented by a relative frequency 
curve rather than in the form of a histogram. 
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The relative frequency curve is often called the Probability Density Function (PDF) 
because the area below the curve gives the probability of the event considered (in this 
case failure of equipment). Figure 5.5 shows a hypothetical relative frequency 
diagram for failure of a piece of equipment. The probability of failure of the 
equipment in time t is given by the area under the curve up to the value t on the 
horizontal axis. 
Time To Failure (Hours) 
Figure 5.5 Relative Frequency Diagram and Probability of Failure 
To find the appropriate statistical distributions for TTF values for different 
equipment, the Statgraphics statistical software package was used. This procedure 
involved two steps, namely: 
(1) Visual inspection of the relative frequency diagram to select the most 
suitable type of statistical distribution for TM values. 
(2) Chi-Square (C-S) test and Kolmogorov-Smirnov (K-S) test for 
goodness of fit of the selected distribution. 
First, the relative frequency histograms for all of the equipment were drawn using 
the computer. Then the shapes of these histograms were compared with those of the 
statistical distributions given in Section 5.3.1. This comparison showed that the 
actual distributions of TTF were very close to the (Negative) Exponential 
distribution. 
Ile next step was to carry out the Chi-Square and Kolmogorov-Smimov tests for the 
goodness of fit to check whether or not the Exponential distribution statistically 
represents the distributions of TTF. The results of these tests are given in Table 5.2. 
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The relative frequency histogram obtained for a typical equipment item is given in 
Figure 5.6. The fitted or the theoretical values of the Exponential distribution are also 
shown in the same figure. The C-S and K-S tests performed on the theo'retical and 
the actual distributions of TTF for the same equipment item *are given in Figure 5.7 
together with the actual significance levels. 
Table 5.2 Goodness of Fit Tests for TTF Distributions 
No. of Equipment Passing the 
Type of Total Goodness of Fit Test 
Equipment Number 
c-s K-S 
Crawler Tractors 24 22 
Motor Graders 868 
Motor Scrapers 979 
Wheel Loaders 12 12 12 
Hydraulic Excavators 555 
Dump Trucks 13 13 13 
Total 71 66 69 
a- One Crawler Tractor failed both C-S and K-S tests 
70 so 110 130 150 170 330 350 370 
Time To Failure (Hours) 
Figure 5.6 Relative Frequency ffistogram of TM for an Equipment Item 
105 
The Chi-Square test showed that the 77F values of 66 out of 71 machines were 
according to the Exponential distribution . The tests were carried out at 5% 
significance level. The Kolmogorov-Smimov test gave even better results; only two 
machines failed to show the Exponential distribution. However, there was only one 
out of 71 machines which failed in both Chi-Square and Kolmogorov-Smimov tests. 
The above results suggest that the TTF distributions of construction equipment are in 
fact Exponential. Therefore, the assumption made in most of the queuing problems 
concerning the failure rate of industrial equipment seems to be valid for construction 
equipment as well. Also, if construction equipment are considered to consist of a 
large number of independent parts, the above results confirm the distribution 
suggested by Jurecka (1978) for the failure rate (Section 5.3.1). 
Chi-Square Test 
Lower Upper Observed Expected Chi-Square 
Limit Limit Frequency Frequency 
at or below 20.00 22 19 0.6561 
20.00 40.00 12 14 0.2394 
40.00 60.00 11 10 0.0456 
60.00 80.00 880.0118 
80.00 100.00 660.0113 
100.00 140.00 570.8274 
above 140.00 990.0187 
Chi-square = 1.81029 with 5 d. f. Significance Level = 0.875 
Kolmogorov-Smimov Test 
Estimated Kolmogorov statistic DPLUS = 0.0715 
Estimated Kolmogorov statistic DMINUS = 0.0399 
Estimated overall statistic DN = 0.0715 
Approximate significance level = 0.999 
Figure 5.7 C-S and K-S Tests for the Distribution given in Figure 5.6 
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5.3.3 Effects of Make, Size, and Age of Equipment, Type of Work 
Done and Degree of Maintenance on the Failure Rate. 
The data for Mean Time To Failure (MTTF) and make, size, and age of equipment 
were statistically analysed in order to find whether there is any relationship between 
them. However, determination of such a relationship was not one of the objectives of 
the research, hence, this analysis was done only to investigate the factors which 
effect the failure rate of construction equipment. Therefore, only the crawler tractors 
were selected for this analysis as they formed the largest sample of the equipment 
considered in this study. 
The technique selected was, Multiple Regression which is often used to determine the 
relationship between a dependent or response variable and some independent or 
predictor variables. If any relationship could be found then it could be used to predict 
the independent variable from the knowledge of the independent variables. In this 
study, Mean Time To Failure (MTTF) was taken as the dependent variable and the 
Make, Size, and Age were considered as the independent variables. 
Table 5.3 shows the relevant data for the crawler tractors used in the regression 
analysis. However, there was no accurate information regarding the type work 
carried out by the equipment throughout their life and the degree of maintenance, 
hence, these variables were not included in the regression analysis. Of the above 
independent variables, the age was the only quantitative variable and the others were 
considered to be qualitative (Indicator Variables). 
5.3.3.1 The Effect of Make on Mean Time To Failure (MTTF) 
The results of the multiple regression analysis suggest that there was no significant 
relationship between Make and MTTF. This means that there was no effect of the 
Make on the failure rate of crawler tractors. (The p-value was greater than 0.05 - 
Appendix D). 
However, based on the data collected under this research one cannot make fmn 
conclusions. According to most of the equipment managers interviewed by the 
author, equipment of certain 'Makes' break down more frequently than certain other 
Makes. They considered this fact when buying new or used equipment for their 
companies. Ilie difference between failure rates among equipment of different Makes 
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Table 5.3 Equipment Data used in the Regression Analysis 
c EauiPment a Age I ,. b Number Make- Size (Years) (Hours) 
1215 75.9 
2215 76.3 
3315 58.7 
4215 134.1 
5234 51.1 
6214 68.4 
7214 85.1 
8214 85.9 
9242 152.7 
10 136 41.0 
11 236 109.7 
12 236 83.8 
13 133 170.6 
14 236 83.5 
15 139 14.7 
16 228 48.2 
17 228 101.0 
18 228 52.7 
19 237 58.9 
20 236 41.2 
21 236 103.9 
22 236 58.6 
23 138 37.2 
24 138 44.6 
a- Make: I- Caterpillar, 2- Komatsu, 3- John Deer 
b- Size: I- D6 or Equivalent, 2- D7 or Equivalent, 3- D8 or Equivalent, 4- Larger than D8 
c- To the nearest year 
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could probably be due to design defects or mechanical inferiority of the equipment 
components. Therefore, the apparent less significant effect of Make on the failure 
rate could be due to the small size of the sample considered in the analysis. 
5.3.3.2 The Effect of Size of Equipment on Mean Time To Failure 
All the equipment in the sample were categorised into four sizes according to the 
equivalent sizes of Caterpillar equipment (Caterpillar, 1987). Ilie regression analysis 
did not give any significance relationship between Size of equipment and MTTF; (the 
p-value was greater than 0.05 -Appendix D). Here again the results are doubtful 
because of the small size of the sample considered in the analysis, hence, for better 
results one has to consider a very large sample of equipment giving a wide range of 
different sizes. 
5.3.3.3 The Effect of Age on Mean Time To Failure 
According to the regression analysis there is a certain relationship between Age and 
MTTF of equipment. The MTTF tends to decrease with Age; in other words the 
failure rate of a piece of equipment tends increase with its Age. (The p-value was 
less than 0.05 -Appendix D). Figure 5.8 shows the graph drawn between MTTF and 
Age of different equipment. 
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Figure 5.8 The Graph of MTTF vs. Age of Crawler Tractors 
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This type of relationship is quite usual for equipment of any type, make or size. With 
continuous use equipment components wear out and as a result the whole equipment 
becomes less reliable. Such equipment tends to break down more frequently than a 
new piece of equipment. 
The regression analysis suggests a linear relationship between the two variables, 
however, it is not accurate enough to predict MTTF values for other equipment with 
known age due to the small size of the sample considered in the analysis. The overall 
regression with the make , size and age gave very low R2 (co-eff of multiple 
determination) value of 0.57 and the Step-wise regression with age as the principal 
independent variable gave R2 value of 0.47. 
5.3.3.4 The Effect of Type of Work Done on the Failure Rate 
In the discussions with equipment owners and managers it was seen that the type of 
work done by the equipment or the operating conditions have a great effect on the 
equipment failure rate. Some manufacturers recommend (Caterpillar, 1987) a useful 
life period for their equipment. Usually equipment which are used for light work 
would have longer lives than those which are used for heavy work; this may be due 
to the fact that equipment used for heavy work tend to deteriorate faster than those 
used for light work. Therefore, a certain relationship can be assumed between the 
operating conditions or the type work done and the failure rate. 
The crawler tractors considered in this study have been used for various types of 
work and none of them have been involved with the same work during their entire 
life. Also the information given in the historical records were not sufficient to 
determine the exact conditions of operation; a record such as 'Earth moving' would 
not give a complete picture- of the work done, the type of soil involved etc. Jurecka 
(1978) showed that the repair cost of crawler tractors, wheel loaders and crawler 
loaders of the same age and size, vary with the type of earth being moved. As the 
passive resistance of soil increases the repair cost of the equipment tends to increase; 
this shows the effect of type of soil on the failure rate as well. - 
Although the exact relationship between the type of work done and the failure rate 
could not be determined, the existence of such a relationship is clear. 
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5.3.3.5 The Effect of Degree of Maintenance on the Failure 
Rate 
In Section 2.2.1 it was shown how preventive maintenance can avoid unnecessary 
breakdowns of construction equipment. Also, Section 3.2.1 described how the 
company policy on maintenance practices such as the frequency of inspection could 
effect the failure rate of equipment. Ilerefore, the degree of maintenance seems to be 
an important factor governing the rate of mechanical deterioration of construction 
equipment. 
As Vorster (1978) points out, a low level of maintenance results in increased 
mechanical inferiority of equipment leading to a high frequency of random failure. 
Similarly, a high level of maintenance results in low frequency of failure. In the 
present research, however, it was not possible to find information regarding the 
aforesaid levels of maintenance of the equipment considered. The main reasons for 
this were: some equipment items had been owned by several owners before the 
present owner and there was no simple method to measure the level of maintenance. 
However, the effect of the degree of maintenance on the failure rate cannot be 
ignored, and this may be one of the reasons why the correlation obtained between the 
other factors (age, make, size and MTTF) is very low. 
5.3.4 Prediction of Failure Rate 
If the results of historical failure data analysis are to be used in mathematical models 
to optimise the maintenance function of construction equipment, there must be some 
method to predict the failure characteristics for the future. In the previous section it 
was seen that the value of MTTF varies with the equipment age. Therefore, the 
failure rate or the probability derived from historical data may not be the same as the 
future failure rate or the failure probability; and if the historical failure rate was used 
in the mathematical model, the results obtained might not be accurate enough to make 
optimum maintenance decisions. 
As stated earlier, the data used in this study were taken from historical records for 
about 1-3 years from the time of data collection. Therefore, the differences between 
the MTTF values obtained and those for the immediate future, the next year for 
example, cannot be very significant. This is based on the assumption that there is no 
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considerable mechanical deterioration of a piece of equipment within a short period 
like one or two years. 
To check the validity of the above assumption, a series of statistical tests were carried 
out. In each of these tests the data for TTF were divided into two samples; one 
sample with data for a recent period (Recent Data) and the other with all the data 
before this period (Previous Data). Then the failure probability distribution was 
found for the sample with the previous data and the recpnt data were statistically 
checked whether they belonged to the same distribution given by the previous data. 
All the equipment considered for the test proved that the recent data for = belonged 
to the same failure probability distribution given by the previous data. (The tests were 
performed at 5% significance level). Figure 5.9 shows the results of the test for ', an 
equipment iterrL 
Therefore, the failure probability distribution for a piece of equipment, obtained from 
historical data for the past few years could be assumed, with reasonable accuracy, to 
remain constant for a future period of about one year. 
0 100 200 300 
Time To Failure (Hours) 
I"I"I 
Kolmogorov-Smirnoy Two-Sample Test 
Estimated overall statistic DN = 0.1731 
Approximate sipificance level = 0.999 
Figure 5.9 Statistical Comparison Between Previous and Recent Data 
400 
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5.4 REPAIR TIMES AND AVERAGE REPAIR TEAM SIZE 
The repair times and the number of repair personnel, used for the types of repair 
mentioned in Section 5.2, were obtained from historical records of equipment. A 
sample data sheet used for recording these data is in given Appendix C. 
The next sub-section describes the statistical distributions of the repair times for the 
failures of all types of equipment considered in this research. Section 5.4.2 gives the 
distributions of the number of personnel used for repair of each type of equipment. 
5.4.1 Distribution of Repair Times (Time To Repair-TTR) 
In previous mathematical models, the repair times of industrial equipment were 
assumed to be of a Negative Exponential nature. With this assumption researchers 
could apply queuing theory in many repair situations. However, there was no 
assurance that the same assumption would be valid for construction equipment as 
well. Therefore, the purpose of this study was to find the validity of this 
assumption. 
Similar to the analysis of TTF of equipment, this study was done in two steps. The 
first step included drawing the relative frequency hisýOgrams and visual comparison 
of them with the standard statistical distributions and to select the most suitable type 
of distribution for the repair times. The second step was to carry out goodness of fit 
tests for the standard and the actual distributions. Most of the repair time histograms 
did not give the same shape as the Negative Exponential distribution curve. Instead 
they gave a range of curves represented by the Weibul distribution (Section 5.3.1.5). 
A frequency histogram for an equipment item is given in Figure 5.10. 
The Chi-Square and Kolmogorov-Smimov tests carried out for goodness of fit 
showed that the repair times of 70 out of 71 items of equipment satisfied the Weibul 
distribution at 5% significance level. The results of the C-S and the K-S tests for an 
equipment item (given in Figure 5.10) are summarised in Figure 5.11. Only the 
repair times of one item of equipment failed in both these two tests and the reason for 
this may be due to missing data in that sample. 
17herefore, the assumption of Exponential distribution for repair times of industrial 
equipment is not valid for repair times of construction equipment and as a result the 
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usual queuing models cannot be applied for construction equipment repair. 
However, only 71 items of equipment were examined in this study , hence, further 
research is necessary with a large number of equipment to confirm that repair time 
distributions of construction equipment are in fact Weibul. This does not mean that 
the assumption of Weibul distribution in the present model is less accurate because 
the Weibul distribution is very flexible, and given the appropriate parameters it can 
represent most of other statistical distributions such as Negative Exponential, Hyper 
Exponential, Erlang and Normal distribution. 
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Figure 5.10 Relative Frequency Histogram of TrR for an Equipment Item 
The Weibul distribution always gives two statistics (parameters), namely the scale 
factor and the shape factor. However, to find the relationships between the type, 
make, size and age of equipment, type of work done and TTR distribution, both of 
the above two parameters were not considered. Assuming that the scale factor 
represented the mean repair time, it was taken together with the other equipment 
(crawler tractors) data mentioned above for the regression analysis . This analysis 
did not give any significant relationship between the scale parameter and the others. 
Why this relationship was not seen may be the small size of the sample. However, 
according to equipment managers, the repair times of older equipment are normally 
higher than those for new equipment and these may vary with the type and make of 
the equipment as well. 
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Chi-Square Test 
Lower Upper Observed Expected C-hi-Square 
Limit Limit Frequency Frequency 
at or below 1.50 11 12 0.1224 
1.50 2.50 12 9 0.8678 
2.50 3.50 10 8 0.5008 
3.50 4.50 460.9499 
4.50 5.50 450.2011 
5.50 7.50 760.0538 
above 7.50 560.0868 
Chi-square = 2.7826 with 4 d. f. Significance Level = 0.5948 
Kolmogorov-Smimov Test 
Estimated Kolmogorov statistic DPLUS = 0.13997 
Estimated Kolmogorov statistic DMINUS = 0.141789 
Estimated overall statistic DN = 0.141789 
Approximate significance level = 0.237032 
Figure5.11 C-S and K-S Tests for the Distribution given in Figure 5.10 
As in the case of failure probability, statistical tests were performed on the repair 
times of selected equipment to see the'possibility of using historical data to predict 
future repair times. The repair times for equipment were divided into two samples, 
one with recent repair times and the other with repair times during the previous 
years. The tests showed'that the recent repair times of all equipment considered, 
, 
belonged to the same statistical distributions given by the previous repair times. 
5.4.2 Average Size of Repair Team 
As a part of this study, it was decided to find the distribution of the number of repair 
personnel involved with the repair of construction equipment. The average number of 
personnel in the repair team, determined by the above distributions, can be assumed 
as the size of the server units in multi-channel queuing problems. Carruthers et al 
(1970) used this assumption in a queuing problem to determine the optimum size of 
the repair crew for a dump truck fleet. 
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Frequency diagrams were drawn for the number of repair personnel used for repair 
of different types of equipment. Here, the data for similar type of equipment were 
pooled to give a more general picture of the actual repair team size. The relative 
frequency histograms showed that the average repair team size for all types of 
equipment was approximately three people. Figures 5.12 to 5.17 show these 
frequency distributions for crawler tractors, motor graders, wheel loaders, hydraulic 
excavators, dump trucks and motor scrapers respectively. 
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Figure 5.12 Frequency Distribution of Repair Team Size for Crawler Tractors 
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Figure 5.13 Frequency Distribution of Repair Team Size for Motor Graders 
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Figure 5.14 Frequency Distribution of Repair Team Size for Wheel Loaders 
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Figure 5.15 Frequency Distribution of Repair Team Size for Hydraulic Excavators 
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Figure 5.16 Frequency Distribution of Repair Team Size for Dump Trucks 
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Figure 5.17 Frequency Distribution of Repair Team Size for Motor Scrapers 
5.5 SUMMARY 
10 
The study presented in this chapter proved that the assumption of Exponential 
distribution for the probability of failure was valid for the six types of construction 
equipment considered in the analysis. However, the repair times had a range of 
distributions, hence these could not be explained by a single distribution such as 
Hyper- Exponential or Negative Exponential. It was seen that the repair times were 
more accurately represented by the Weibul distribution, with appropriate scale and 
shape parameters. 
'Me age of equipment seemed to have a great effect on the failure rate, however, other 
influencing factors such as make, operating conditions and degree of maintenance 
cannot not be overlooked. Tberefore, it is extremely difficult and inaccurate to predict 
the failure probability (failure rate) and repair times for a piece of equipment based on 
the failure statistics of other equipment. However, for a particular item of equipment, 
the failure rate and the repair times can be predicted using its own historical data, for 
a relatively short future period, one year for example , with reasonable accuracy. 
The average number of repair personnel per repair was approximately three, 
irrespective of the type of construction equipment considered in the analysis. 
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6.1 INTRODUCTION 
The maintenance model to find the optimum size of the repair crew in an equipment 
company was introduced in Chapter 4. The actual construction of this model is 
described in this chapter. 
"Me maintenance model is basically a computer simulation model. Therefore, the first 
part of this chapter is devoted to a brief introduction to simulation, in which terms 
such as system and the model of a system are explained. This section also describes 
different types of systems and simulation of discrete stochastic systems. Although 
small simulation problems can be solved manually, large simulation models 
necessitate the use of the computer. The final part of this section, therefore, gives a 
brief account on special and general purpose computer languages which could be 
used to write programs for simulation models. 
'Me simulation of the equipment-repair crew sub-system is examined in Section 6.3. 
In this process, this section also identifies all the other sub-systems in the complete 
repair system of equipment and their interaction with the equipment- repair crew sub- 
system. The events associated with this sub-system are discussed in Section 6.3.3.1. 
Section 6.3.3.2 gives the basic assumptions made in modelling the above sub- 
system. The priority rules applied to the model, the possibility of overtime working, 
and inputs and outputs of the model are also explained in this section. (Of the main 
inputs of the model, the failure times and repair times of equipment were described in 
Chapter 5). 
Section 6.4 deals with the computer simulation program. It describes the basic 
features of the computer program written in the Pascal general purpose language. 
The lengthy program is not presented in this chapter, however, the simplified flow 
chart of the simulation algorithm for an equipment item is given in order to illustrate 
the simulation mechanism. As this model is of a stochastic nature, random 
generation of statistical distributions play an important role in the program. The basic 
theory involved in generating numbers from some statistical distributions and 
frequency histograms is explained in the final part of this section. 
The verification (debugging) of the computer program and the validation of the 
simulation model are described in Chapter 9. 
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6.2 INTRODUCTION TO SIMULATION 
A unique definition of what simulation is, does not exist. In the most general form, 
simulation is a technique for conducting experiments on a model of a system (Sevic' 
and Sevic', 1989). 
The technique of simulation usually comprises several activities such as measuring 
the data on a real system, formulating a theory, creation of a model, coding a 
computer program and finally experimenting with the model on the computer. 
6.2.1 Systems and sub-systems 
Maisel and Gnugnoli (1972) define a system as: 
'a collection of regularly interacting or interdependent components (such as 
machines, people, information and communications), acting as a unit in carrying out 
an implicitly or explicitly defined mission. ' 
Broadly speaking, a system is a unit which consists of many parts organised in such 
a manner to perform a specified job. For example, a construction equipment item is a 
mechanical system which consists of parts such as the engine, gear-box, hydraulic 
pump and electric motor, to perform a particular construction activity. 
A system can be small or very large. The size of a system usually indicates the 
amount of complexity involved in that system. It is more difficult to study the 
behaviour of a large system than that of a small system. In this case, it is more 
convenient to break the system into small sub-systems. 
A sub-system is a component of a total system which can be considered as a part of 
the whole system or as an independent system. In the construction equipment 
example, the hydraulic system or the electrical system can be considered as sub- 
systems of the whole mechanical system which is the complete construction 
equipment item. Similarly, a system can be a sub-system of another larger system. 
If the construction equipment mentioned above, is an excavator loading dump trucks, 
then it can be considered as a sub-system in a large earth-moving operation. 
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Components of a system 
Usually in any system there are four types of components namely, Entities, 
Attributes, Activities and Events. 
Entity: an object of interest in the system. 
Attribute: a property of an entity. 
Activity: any process that causes a change in the system. 
Event: the start or completion of an activity. 
The entities, their attributes and the activities may be considered as the variables of 
the system. 
The example of an excavator loading dump trucks, can be used to show the entities, 
their attributes and activities . The excavator and the dump trucks are the entities. The 
size, model and the type of the excavator and the dump trucks can be considered as 
the attributes. Whereas, digging , slewing , loading and waiting for trucks -or the 
excavator may be considered as the activities. 
Confinuous and discrete systems. 
A system can be classified either as continuous or discrete, depending on the way it 
changes from one stage to another. The easiest way to identify the difference 
between a continuous or discrete system is to consider the values of the variables of 
that system. In a continuous system, the variables can take any real value in a 
prescribed interval (or intervals). Whereas, the variables of a discrete system, can 
only take particular values from a finite set of discrete values. ( separate or distinct 
values). 
The excavator in the previous example is a discrete system because it is engaged in a 
series of discrete activities such as digging, turning or slewing, loading and waiting. 
Therefore, its status at any moment could be indicated by a variable with a finite 
number of alternative values. 
The hardening process of concrete could be considered as an example for the 
continuous type systems. The strength and the temperature of concrete are 
continuous variables as each of them takes a continuous series of values during the 
hardening process. 
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Deterministic and stOChasfic systems. 
A system can be either deterministic or stochastic. This is determined by the 
relationship between the input and the output of the system. In a deterministic system 
the output can be predicted completely if the input and the initial state of the system 
are known. 
That is , for a particular state of the system, a given input always leads to the same 
output. However, in a stochastic system for a given input and state o*f the system, the 
output is not always the same. Here, it is impossible to predict the output by a single 
observation of the system. However, if many observations were made then it may 
be possible to find the range or the distribution of the values within which the output 
would fall and also the frequency of all such values. 
Maisel and Gnugnoly (1972) give two simple examples for deterministic and 
stochastic systems. One is the typewriter, which always responds with a particular 
output on its keyboard, therefore, it is a deterministic system. Whereas the other, the 
roulette wheel gives a series of values as the output. 
However , in most systems some elements are deterministic and the others are 
stochastic. In such cases , the system is considered to be stochastic as the output is 
very likely to be affected by the stochastic elements in it. 
6.2.2. The model of a system. 
Shannon (1975) defines a model as: 
1a representation of an object, system or idea in some form other than the 
system itself. ' 
For example, the name of a person, a network diagram of a construction project and 
the concept of 'green house effect' on the weather are all models as they represent 
an object, a system and an idea respectively. 
The basic idea of building a model is because it is easier to deal with the model than 
with the system and sometimes, it is impossible to experiment with the system. 
Therefore, the purpose of such a model is to enable someone to understand and 
predict the behaviour of the system or to experiment with. the model in order to 
improve the system. 
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Savic' and Savic'(1989) broadly categorize models as physical models and abstract 
models. A physical model can be either iconic or analogue , whereas an abstract 
model is basically a mathematical model. 
An iconic model is identical to the reality it represents; for example ,a laboratory 
model of a reservoir spillway is an iconic model. An analogue model behaves similar 
to the system but is not physically identical to the system it represents. For example, 
an electric circuit representing 'ground-water flow' is an analogue model. - 
Abstract models use mathematical relationships and equations to represent systems. 
For example, the time taken to concrete a slab can be given by the following equation: 
time = rate of pour * volume of the slab. 
This equation is a mathematical model for the concreting activity of slabs. 
Although the above classification considers only two types of models, physical and 
abstract, Rowe (1963) suggests a whole range of types of models falling in between 
physical models and mathematical models. However, the use of this kind of detail 
categorisation is not considered in this section. 
6.2.3. Solution of a model ( Experimenting with the model) 
Having built the model the next task is to experiment with it. As mentioned earlier the 
purpose of this may be to understand the system. or to predict the system behaviour 
or to improve the system. 
Figure 6.1 shows a general method of modelling. Modelling is another name for 
experimenting with models. The first step in modelling is to transform the system 
input into the corresponding model input (A). This input is processed through the 
model (B) and, then the model output is obtained (Q. This output should again be 
transformed into the corresponding system output (D) in order to complete the 
modelling process. If the model is an exact replica of the system then the system 
output obtained through modelling should be exactly same as the output that would 
have been obtained by feeding the system input directly to the system. This process is 
applicable to any type of model either physical or abstract (mathematical). 
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Figure 6.1 General Method of Modeffing 
(source: Savic' and Savic', 1989) 
Generally, in attempting to develop a mathematical model for a given system, one of 
the following three cases may arise (Schmidt and Taylor, 1970): 
1. The system is amenable to both description and analysis by a mathematical 
model. 
2. The system is amenable to description by a mathematical model however, 
correct analysis of the mode. 1 is beyond the level of mathematical 
sophistication of the analyst. 
3. The system is so complex that description of the system by a mathematical 
model is beyond the capabilities of the analyst. 
For the first case, the model is a set of mathematical equations which, can be solved 
analytically or numeric ally. The last two cases are normally resolved through 
simulation. Therefore, simulation would be the most appropriate solution to systems 
which cannot be adequately analysed by standard mathematical techniques . This is 
usually the case when the interaction between the variables of the system are 
nonlinear or when the system is of stochastic nature (Payne, 1982). The equipment 
repair system considered in this research (Section 6.3) is a discrete stochastic system. 
Therefore, simulation is the best approach to modelling this system. 
Simulation of a discrete stochastic system. 
A discrete stochastic system may be modeled using one of the following methods: 
(a) Critical event 
(b) Time slice 
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In the critical event approach, the system is viewed, during the simulation, at each 
and every event starting from the first until the end of the last. Therefore, the 
viewing takes place at irregular time intervals. Whereas, in the time slices approach, 
the system is viewed in regular periods of time until the end of a prescribed amount 
of time and does not depend on the occurrence of the events. 
6.2.4 Computer Simulation 
The simulation process does not necessarily need a computer. It can be done 
manually as in the case of Monti- Carlo simulation used in simple queuing problems. 
For example, a loader-dump truck earth moving operation can be easily simulated by 
hand using a random number table (Harris & McCaffer, 1978). However, when it 
comes to more complex models a computer is the best approach as hand computation 
would be extremely difficult or impossible. 
Computer simulation involves writing computer programs to build the model and this 
leads to the decision as to what computer language should be used. Basically there 
are two types of languages available for writing simulation programs (Bratley et al., 
1987). One type is the general-purpose language such as BASIC, Pascal, COBOL, 
FORTRAN and C. The other is the specialised simulation languages such as 
SIMSCRIPT 11, SIMULA 67, ALGOL 60, GPSS and CYCLONE. No textbook 
recommends that one type is better than the other, hence, it is up to the modeller or 
the analyst to decide which type and which language will be more suitable for his 
simulation problem. 
In general, the selection of the most suitable simulation language should be based on 
its capability to describe the real world system being studied. The degree of ease 
associated with programming is also an important factor. The other factors to be 
considered are: the availability of random number generators, debugging facilities, 
the ability to easily learn the language and the efficiency with which a program runs. 
However, the final selection usually depends heavily on the availability of a particular 
language. 
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6.3 REPAIR SYSTEM OF CONSTRUCTION EQUIPMENT 
As mentioned in Chapter 2, there are three types of maintenance methods for 
construction equipment. These are planned preventive , planned corrective 
maintenance and unscheduled maintenance (including repairs). The first two types 
are always carried out on a planned basis without causing downtime of machines. 
Most of the repairs cannot be planned and are usually carried out only after failure or 
breakdown of machines hence, downtime, in this case, is unavoidable. 
6.3.1 Description of the Repair System of Construction Equipment 
Construction equipment like any other equipment break down unexpectedly during 
the normal operation on construction sites. 
When this happens, the necessary repair should be done as soon as possible to make 
the equipment operational again so that the consequential cost due to downtime is 
minimised. The repair may either be done on site or in the workshop. The decision 
as to where the repair should be done depends both on the type of equipment and the 
nature of the repair. For example, if the machine is track-mounted then it is more 
convenient to do the repair on site. Wheel-mounted machines, if they are movable 
are better repaired in the workshop where repairs will be much quicker. However, 
there are certain types of repairs which need to be done in a controlled environment 
or using specialised equipment. In such cases, the machine must be taken to the 
workshop for repair. 
Thus any major construction project needs a fully equipped workshop if the project is 
not to be constantly disrupted. In all large construction works such workshops are 
therefore, quite common and these workshops usually have facilities or resources 
such as repair crew, stocks of spare parts and materials, transport vehicles and 
necessary specialised equipment for any type of repair. 
Repair crew includes mechanics or fitters, electricians and welders. In certain cases, 
the mechanics do many functions such as fitting, welding, machining and sometimes 
electrical jobs as well. Therefore, this specialisation of labour is not very clear in 
some construction equipment workshops. 
Most of the spare parts available in the workshops are the frequently needed (fast- 
moving ) but less expensive spares. However, there are also more expensive spare 
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parts including items such as gear boxes, injector pumps and spare engines. Tracks 
and tyres also come under this category. The repair materials are the consurnables 
like welding rods, grease lubricating oil and break fluid. 
Transport equipment are the vans used for moving the repair crew to field and back, 
and special equipment like Mobile Cranes and Low-Bed Trucks used to transport 
equipment. Other repair equipment include Fork Lifts Trucks, Lathe Machines, 
Gantry Cranes etc. 
Lack of the above resources, repair personnel, spare parts and repair equipment, 
increases the downtime of equipment, hence can lead to heavy consequential costs. 
An equipment manager who does not maintain good levels of these resources may 
fall behind the construction schedule which may result in severe liquidation damages. 
Whereas, a manager who possesses the above resources in quantities more than 
required may be able to work to the construction schedule but will eventually 
discover that the total maintenance cost of the equipment was much higher than 
expected. 
Therefore, as shown in Chapter 4, a good manager should always try to achieve a 
balanced state between the maintenance costs and the consequential or downtime 
costs of equipment without achieving the extremes mentioned above. 
6.3.2 Sub-system of Repair Crew and Equipment. 
The main objective of building the simulation model is to find the relationship 
between the number of repair personnel and the downtime of equipment (Section 
4.2.2). This relationship is necessary to determine the optimum number of repair 
personnel giving the minimum total cost of downtime and repair crew. 
A large complex system is usually difficult to study without breaking it into small 
parts called sub-systems. As mentioned in section 6.2, a sub-system can be 
considered as an independent system; however, if the sub-system is analysed 
separately, then the effects due to interactions between this model and the other sub- 
systems of the total system should not be ignored. 
In the Equipment-Repair system several sub-systems can be seen. These are: 
(a) Equipment-Repair crew. 
(b) Equipment-Spare parts and repair materials. 
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(c) Equipment-Repair tools and special equipment such as Lathe 
Machines, Cranes, Track Press etc. 
As the main objective is to find the relationship between equipment and the number 
of repair personnel, the simulation model will be developed only for the Equipment- 
Repair crew sub-system. The next section explains the modelling process and where 
the effects due to interactions with other sub-systems such as Equipment-Spare 
parts1materials and Equipment-Repair tools have also been considered. 
6.3.3 Modelling of Equipment-Repair Crew Sub-system 
It is sometimes more convenient to describe a system using an activity diagram than 
in words. An activity diagram is a schematic representation of the activities in a 
system. It describes t he sequence of activities and the interactions between the 
entities in the system. An entity waiting in the system can be represented by a circle 
and an activity is usually shown in the activity diagram as a rectangle. The resources 
of the system are represented by small circles. The arrows show the order in which 
entities engage in activities or resources are committed (Davis and O'Keefe, 1989). 
Figure 6.2 shows the activity diagram for the Equipment -Repair system, in which 
the repair crew , spare parts/ materials and repair tools/equipment are shown as the 
resources. Equipment have to stay in the queue before the repair is carried out. This 
queue may be due to a shortage of one of the resources to perform the repair because 
the resources have to be shared among all the equipment in the fleet. The activity 
work shows the time during which the equipment is engaged in a certain construction 
activity on the site. 
Figure 6.3 shows the activity diagram for the equipment-repair crew sub-system, in 
which only the repair crew is shown as the resource. The effects due to 
spare s/materials and repair tools/equipment on this system were taken as a separate 
activity. This activity shows the possible delay that occurs due to lack of 
spares/materials and repair tools/equipment. However, one can argue that delays due 
to the above resources do not always take place before the repair, and it is very likely 
that these will be available by the middle of the repair activity itself. For convenience 
this activity was taken separately, and later, was checked for validity by varying its 
position in the activity diagram (Chapter 9). 
12ý 
Queue 
Figure 6.2 Simple Activity Diagram for Equipment- Repair System. 
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Figure 6.3 Activity Diagram for Equipment- Repair Crew Sub-system 
130 
6.3.3.1 Identification of Events Associated with the Sub-system 
An event occurs when something happens at a particular point in time. Therefore, 
events occur just before and after the activities. The following events are found to be 
in the equipment -repair crew sub-system: 
1. equipmenLbreakdown 
2. ready-to-repair 
3. start_repair 
4. end_yepair. 
Figure 6.4 shows the above events and the corresponding activities in between each 
two consecutive events. It was seen that between the events equipment - 
breakdown 
and ready_to_repair ( (1)a of Fig. 6.4), there is another activity in addition to the 
delays due to spares and repair tools. This activity is caused by the delays occurred 
due to transportation of equipment to the workshop in the case of shop repairs. 
These two activities can be reduced to one by introducing a single activity to represent 
both the delays of spares and repair tools, and transport of equipment, as shown in 
(1)b of Figure 6.4. 
A similar situation is seen between the two events end_repair and 
equipment - 
breakdown ( (4)a of Figure 6.4 ). The additional activity, here, is the 
time spent in transporting equipment back to site after shop repair. Field studies 
undertaken during the research showed that if the site is very close to the workshop 
then the delay occurred in transporting equipment back to site is usually less than one 
hour. The other activity, work, is considerably larger and highly random. Therefore, 
considering the large values and the random nature of the work activity, the analyst 
can either ignore the transport delay as in (4)b of Fig. 6.4 or combine the two 
activities together as shown in (4)c of the same figure. However, if the delay is 
ignored then the consequential effects should be checked by a sensitivity analysis. 
The above events are associated only with the activities directly related to equipment. 
Similarly, the following events can be considered to be involved with the activities 
related to repair crew: 
1. ready-jo-repair 
2. start-yepair 
3. enLrepair 
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Figure 6.4 Events and Activities associated with Equipment 
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These events are shown in (1), (2), and(3) of Figure 6.5 together with the 
corresponding activities. The activity repair includes the time to repair and which is 
usually found from the repair job sheets. However, the repair times stated in job 
sheets do not often give the exact time spent on repairs, and usually include the travel 
times associated with the repairs. When the workshop is situated close to the 
construction site, the travelling time would be very small compared to the repair time. 
However, the question is whether it is accurate to consider repair times which include 
travelling times in the simulation model for the repair activity. As far as the 
equipment are considered, a piece of equipment which is in the queue for repair, has 
to wait until the repair personnel finish the previous job and travel back to the shop 
from field or vice versa. Therefore, it is seen that the combined travel and repair time 
is more accurate and has the same effect as having both travel time and repair as two 
independent activities. 
readyjq_repair 
idle 
travel delay 
start_repair 
(1) 
start_repair 
repair time 
including 
travel time 
end_yepair 
(4) 
start-yepair 
repair 
end_repair 
(2) 
end_repair 
readyjq_repair 
(3) 
end_repair 
idle 
start-repair 
(5) 
Figure 6.5 Events and Activities associated with Repair Crew 
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This reduces the number of events associated with repair crew to: 
1. start_yepair 
2. end_repair. 
These are shown in (4) and (5) of Figure 6.5. Now, the equipment and repair crew 
can be combined to give the complete activity diagram as shown in Figure 6.6. 
work 
spares/mat. 
repair tools & 
transport delay 
queue 
repair idle 
Figure 6.6 Combined Activity Diagram for Equipment and Repair Crew 
6.3.3.2 The Assumptions Made in the Model 
The following assumptions were made in the model: 
1. The model is used for an equipment fleet of a large construction project. 
2. The workshop is situated close to the construction site. 
3. Historical equipment data are available regarding breakdowns, working 
hours, repair hours etc. 
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4. The average size of the repair team can be found from the past data and a 
team of average size is assumed to be used for each repair. 
5. The repair-time includes travel-time of repair crew. 
6. Different equipment have different failure and repair characteristics. 
7. The delay due to spare parts and repair material is a stochastic parameter 
and does not change with the size of repair crew or time. 
8. Overtime work can be included in the simulation model according to the 
usual practice and the company policy regarding this. 
9. Priority rules apply before starting any repair according to the usual 
practice of the company. 
10. The durations of activities are taken in terms of hours. 
11. All equipment items are assumed to be working throughout their shift 
hours unless they are brokendown. 
6.3.3.3 Priority Rules 
In normal queuing models there are no priority rules. Usually the entities are served 
on a FIFO (First In First Out) basis; for example, dump trucks loaded by an 
excavator in an earth moving operation. The other frequent type of serving entities is 
LIFO (Last In First Out); trays in a cafeteria is a good example for this type. 
Application of priority rules is an entirely different queue discipline. Here, if there is 
more than one entity in a queue to be served by a limited number of resources then 
one or some of the entities are given priority over others. 
In the case of equipment repair, priority rules may be imposed as all the equipment 
are not similar and have different downtime costs. For example, if a Wheel Loader 
breaks down it may be given priority over a dump truck which is waiting for repair in 
the queue. The reason is that the downtime of the wheel loader causes downtime of 
all the dump trucks served by it ; whereas, downtime of a single truck does not 
generally affect any other equipment , hence, the downtime cost is usually much 
lower than that of the wheel loader. 
Therefore, in the equipment-repair crew simulation model, priority rules may be 
included depending on the type of construction and the company policy. In the 
computer simulation model provisions for priority rules were made and this is 
described in Section 6.4. 
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6.3.3.4 Overtime Working 
Overtime is the time worked after the normal shift hours on repairs in order to reduce the 
possible downtime of a piece of equipment. Theoretically, when there is equipment to 
be repaired at the end of any shift, overtime work can be done. However, in practice 
this is not the case as there are other factors such as company policy or usual practice 
which decides whether or not overtime repair work should be canied out. 
In the simulation model provision for overtime working was made and is described in 
Section 6.4. 
6.3.3.5 Inputs and Outputs of the Model 
As shown in Section 6.2 any model has its inputs and outputs. The inputs in the 
equipment -repair crew simulation model are: (1). time to failure or breakdown of 
equipment (TTF); (2). repair times of equipment CITR); (3). number of repair personnel 
involved in each repair; (4). total number of repair personnel available in the company 
and (5). Delay due to spares/materials, repair tools and transport of equipment. 
And, the outputs are: (6). downtime of equipment and (7). number of hours waiting for 
repair crew. 
The input parameters (1), (2) and (3) are known statistical distributions and were 
explained in Chapter 5. The input parameter (5) was found to give a frequency 
histogram rather than a known statistical distribution. However, this result was 
obtained from only one case study (Chapter 9); therefore, it is difficult to generalise that 
the delay due to spare parts, repair tools and equipment transport would always give a 
frequency histogram. Another case study may give a different type of statistical 
distribution. The number of repair personnel available is an input variable rather than an 
input parameter. In the process of simulation, this variable is varied and the output 
variables (6) and (7) are observed. 
Within the simulation model the TTF and TTR distributions were considered as 
independent variables. However, they could be considered as interdependent variables. 
For example, the MTTF seems to decrease with the age of a piece of equipment 
(Chapter 5). Similarly, according to many equipment managers interviewed, the repair 
times of a piece of equipment tend to increase with the age. T'herefore, it is reasonable to 
assume equipment items with low MTTF values to have high repair times and vice 
versa. The age is not the only factor which determines the TTF and TTR distributions. 
The degree of planned maintenance (both preventive and corrective) performed on 
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equipment may also have possible effects on both failure and repair times. A good 
planned maintenance system can increase the MTTF and simultaneously reduce the 
repair times of equipment. The other factors which may have similar effects on these 
variables include operating conditions (Caterpillar Performance Handbook, 1987; 
Jurecka, 1978) and the abuse/misuse of equipment by the operator 
(Pathmanathan, 1980). Therefore, provided that sufficient data are available, it may be 
possible to find a relationship between TTF and TTR distributions with respect to all the 
influencing factors mentioned above. Due to lack of adequate data this was not 
investigated in this research. 
The possible effect of such a relationship (due to interdependence of the two variables) 
on the simulation model would be the use of a single input variable instead of two 
variables to explain the failure characeristics of equipment items. In future, this may also 
allow the managers to determine equipment downtimes and thereby the optimum repair 
crew size using the influencing factors such as the age, operating conditions and degree 
of planned maintenance performed on the equipment rather than requiring the laborious 
task of collecting failure data of each and every item of equipment. 
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6.4 COMPUTER SIMULATION PROGRAM 
The initial computer model was written in the BASIC computer language. However, 
it was found later that BASIC was too inefficient to carry out the simulation process; 
the test runs on the initial model gave very long computer execution times. 
Therefore, Pascal which was more powerful than BASIC was selected, and the initial 
program was rewritten using the Turbo Pascal software package on an IBM PS/2 
model 80 micro computer. 
The initial program mentioned above was then developed to a full scale simulation 
model by adding the necessary subroutines (Procedures) to accommodate large 
equipment fleets and repair teams. The final computer program was subjected to a 
debugging process which is described under veriflcation of the model in Chapter 9. 
Section 6.4.1 describes the general routines in the computer simulation model. As 
this computer model uses data of a stochastic nature to produce the required output, 
random number generators play an important part in the program. The basic theory 
of these random number generators used in the statistical distribution algorithms is 
explained in Section 6.4-2. 
6.4.1 A General Description of the Routines in the Simulation Model. 
Figure 6.7 shows a simplified flow chart of the simulation model. The complete 
simulation model can be broadly divided into three main parts, namely, initialisation, 
simulation and generation of the output report. 
The initialisation stage is basically for input of general data required for the simulation 
model. These data include, the number of equipment in the fleet, the mean values of 
failure times of equipment MTTF, the scale and shape, parameters of the Weibul 
distributions representing the repair times, average number of repair personnel for 
repair, number of repair teams available in the company, number of replications and 
the number of working hours considered in one replication. However, some special 
data such as overtime of repair personnel and the priority rules are not included in 
this section. They are included in the simulation program itself as they are assumed to 
be unique for the system being studied. The delay time due to spare parts and 
materials (these may include delays due to transport delays etc. ) can be common to 
the entire equipment fleet. Also, as the case study shows these delays tend to give 
empirical frequency histogram rather than a known statistical distribution as in the 
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cases of failure time and repair times. The data input of a frequency histogram is 
difficult to achieve manually, and therefore, should be in the form of a data file or as 
a separate subroutine containing data. Figure 6.8 shows the data input stage as it 
appears on the computer screen when the simulation program is initialised. 
Start 
Idtialise 
Figure 6.7 Simplified Flowchart of the Simulation Model 
Figure 6.9 shows the simplified simulation algorithm for a particular machine item. 
There are three repair teams shown in the figure, however, in the actual model it 
could be any number of repair teams. Also, the actual model is much more 
complicated than the flow chart shown as there is more than one machine in this type 
of simulation problems. For example, the case study presented in Chapter 9 has 
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eleven machines. Figure 6.9 also shows how the other machines would interfere 
with the simulation program at the repair stage. 
Number of Equipment in the Fleet = 11 
Number of Repair Personnel available -9 
Number of Scheduled Working Hours in One Replication - 1488 
Number of Replications - 40 
MTTF (hrs) SCALEFACTOR SHAPEFACTOR 
102.7 4.2 1.014 
39.3 8.1 0207 
275 9.1 1.104 
25.7 5.3 1248 
25.4 8.8 1.106 
40.0 8A 1.131 
Figure 6.8 Data Input Stage of the Simulation Model 
In the simulation model, a particular machine is expected to work for a number of 
hours before it breaks down. This working time before any failure (Time To Failure 
- TTF) is obtained from the appropriate Exponential distribution using a random 
number generated within the computer program. The total number of working hours 
of a machine in a particular period is equivalent to the sum of all such failure times 
generated during that period. Here, it is assumed that all the equipment work during 
the normal shift hours if they are not brokendown. 
Once a machine is brokendown, then before starting the repair 
', 
the machine will 
have to wait for spare parts/ material and the repair crew. In the model these two 
types of downtime are considered separately; this is because the downtime due to 
repair crew is an output of the model. The downtime due to spare parts and material 
etc. are obtained as a distribution from the historical records. As mentioned in the 
previous section, the case study showed that this distribution was not a known 
statistical distribution but just a frequency histogram. Therefore, in the simulation 
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start 
Initiallse 
Working hours -0 Downtime -0 
i 
Generate a random number. Using this number 
find Time To Failure (TTF) from the appropriate 
distribution. (the machine works for an 
equivalent number of hours and then breaks) 
Working hours - Working hours + TTF 
I 
Generate a random number. 
Using this number find the Delay-time 
from the appropriate distribution 
I 
Other Machines 
Figure 6.9 Simplified Simulation Flowchart for an Individual Machine 
Generate a random number. 
Using this number find the Time To Repair 
from the appropriate distribution 
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model the above delay time is found from the appropriate frequency histogram using 
a random number. 
After allowing for the delay, the computer program checks whether there is any repair 
team available to carry out the repair on the machine. As shown in Figure 6.9 , if 
Repair team I is not available then the machind will try Repair team 2, Repair team 3 
and so on. If repair team I is available then it is checked to see whether there is any 
other machine with a higher priority waiting for repair in the queue. If so, the 
machine with lower priority will have to try for another repair team. If none of the 
repair teams are available then the machine will have to wait in the queue. The waiting 
time in the queue and the total downtime are computed. 
m M, "I KER M 
OUTPUT REPORT: 
1ýý 
Number of Repair Personnel =9 
Number of Scheduled Working Hours - 1488 
Figure 6.10 Output Stage of the Simulation Model 
The simulation program also checks whether or not the repair on the machine is 
performed during normal working hours. (The repair time is found from the 
appropriate Weibul distribution using a random number). If the whole repair or part 
of it is done during overtime, then the overtime portion is deducted from the 
downtime due to the repair crew as the machine now leaves for work earlier than 
expected. However, in this case the overtime should be added to the total number of 
repair man hours spent on repair and the additional overtime cost should also be 
considered. 
Replication No: = 40 
Hours of Repair Overtime =0 
EQUIPMENT NO: DOWNTIME (HRS) 
1 69.0 
2 223.0 
3 449.0 
4 413.0 
5 
6 
462.0 
371.0 
WAITING TIME (HRS) 
16.0 
12.0 
14.0 
16.0 
12.0 
11.0 
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After the repair, the program checks for the end of simulation and if the simulation is 
not completed then the machine leaves for work again. At the end of simulation the 
data collected at each event ( downtime and waiting time) are presented as an output 
report. Figure 6.10 shows a typical output report generated by the simulation model. 
6.4.2 Sampling from Statistical Distributions 
Sampling involves generating values from a statistical distribution of a variable of 
stochastic nature; the distribution need not necessarily be a standard distribution such 
as Normal and Exponential, it could be just an empirical histogram. 
The Cumulative Probability Function (or Cumulative Density Function -CDF) of the 
distributions were in fact used in the computer program to generate values for the 
corresponding variables. The cumulative probability function of a distribution can be 
defined as follows: 
x 
F(x) 
f 
f(t) dt 
-00 
where, f(t) is the Probability Density Function (PDF) and x is a certain value of the 
variable t. 
Probability 
Density Function 
k (PDF) 
Cumulative 
Probability Function 
Figure 6.11 Probability Density Function and Cumulative Probability Function 
Figure 6.11 shows the graphs of PDF and Cumulative Probability Function vs. the 
variable t. The cumulative probability function varies from 0 to 1 as the value of the 
variable increases. Therefore, if a random number u is taken between the value 0 and 
1 then from the graph the corresponding value x for the variable can be found. If this 
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is done for a substantially large number of times then the values of the variable 
obtained from the graph would theoretically give the same distribution as that given 
by the cumulative probability function. 
The technique normally used for generating numbers as mentioned above is called the 
Inverse Distribution Method (Savic' & Savic', 1989). This method consists of 
selecting a random number u, which is uniformly distributed over [0, I], setting 
F(x)= u, then solving the equation for x. Symbolically, the solution can be written as: 
x= F" (u) 
where F-I represents the inverse distribution of F. 
The success of this method mainly depends on the nature of the function F and how 
easy it is to solve the above equation. The random number u of the equation can be 
generated using a computer algorithm; however, some computer languages have 
built-in random number generating functions (Morgan, 1984). 
For the Exponential and Weibul distributions, the corresponding inverse distributions 
are presented in Section 6.4.2.1 and Section 6.4.2.2 respectively. Section 6.4.2.3 
describes how to generate random numbers from a frequency histogram which does 
not belong to any known probability distribution. The methods presented in these 
sections were used in the simulation model, and the generated random numbers were 
later on checked for validity (Chapter 9). 
6.4.2.1 Random Numbers from the Exponential Distribution 
(Graybeal & Pooch, 1980) 
The cumulative probability function of the Exponential Distribution is: 
F(x) =I- e- 
xx 
9 X>O 
where X= mean of the distribution 
The inverse of F is then: 
F-1(x) =X=-I In (1- u) 
where, u is uniformly distributed in the range [0,1]. 
If u is uniformly distributed in [0,1], then (I- u) is also uniformly distributed in the 
same range; and the required random numbers can, therefore, be generated by using: 
x In (u) 
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The above equation was used in the necessary algorithms in the computer program to 
find the failure times of equipment. 
6.4.2.2 Random Numbers from the Weibul Distribution 
(Bratley et al., 1987) 
'Me cumulative probability function for the Weibul distribution is: 
F(x) =I- e- 
()Lx), 
where, 1 
scalefactor, 
c shapefactor. 
The inverse function isgiven by: 
F- (x) =X=-- In (I- u) 
7 
where u is uniformly distributed random number on [0,1]. 
If the values of scale factor and the shape factor are known, using the above inverse 
equation, random numbers of the Weibul distribution can be generated. Computer 
algorithms were written with this equation to generate the repair times (TTR) of 
equipment. 
6.4.2.3 Random Numbers from a Frequency Histogram 
(Davies & O'Keefe, 1989) 
The cumulative probability function of a continuous histogram can be considered as a 
series of linear functions linked together as shown in Figure 6.12. 
The method of Linear Interpolation can be used to find the random numbers of a 
histogram. If u is a random number between the interval F(xj) and F(X2) then the 
corresponding random number from the distribution is given by the equation: 
X+u- 
F(xd 
xn+ 1) - F(xn 
(x %) 
It is necessary to redefine the above equation for each two consecutive points such as 
x,, and x. +,. 
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Computer algorithms were written for the histogram of delay time due to spýre parts/ 
materials etc. to find the appropriate values in the simulation model. 
Cum. Probability 
Function 
xnXX n+l 
Figure 6.12 Cumulative Probability Function of a Frequency Ifistogram 
6.5 SUMMARY 
x 
Using the technique of Simulation, the equipment-repair crew sub-system was 
modeled with the objective of establishing the relationship between equipment 
downtime and the size of the repair crew. This relationship could be used to find the 
optimum size of the repair crew in order to minimise the total cost of equipment 
downtime and repair crew. 
As the maintenance model was considerably large, manual simulation seemed 
impossible, hence a computer program was written in Pascal to simulate the repair 
function of a construction company. This model can accommodate large numbers of 
equipment and repair personnel. The inputs of the model are, the distributions of 
failure times (1717) and repair times CITR) of equipment, and the delays occuring due 
to spare parts, materials etc. In the simulation process the number of people used in 
the repair crew of the company can be changed and the corresponding equipment 
downtimes can be obtained. 
A case study given in Chapter 9 demonstrates how this maintenance model could be 
used in actual practice. Validation of the model is also presented in this chapter. 
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7.1 INTRODUCTION 
This chapter describes the formulation of the replacement model. Unlike the 
conventional replacement models (Chapter 3), the proposed model considers the 
entire fleet or a group of equipment as a whole in making the replacement decision. 
The replacement model could take the form of either cost minimisation or profit 
maximisation depending on the company's policy regarding its equipment. The profit 
maximisation model is more suitable for plant hire companies. Ile cost minimisation 
model is generally applicable for contracting companies because they usually do not 
get any direct income from their machines. However, the subsidiary plant companies 
who hire equipment to their parent companies in addition to external hiring, can also 
use the profit maximisation model for their equipment. 
The replacement model is based on the theory of Integer Linear Programming with 
an objective function of either cost minimisation or profit maximisation. Therefore, 
in Section 7.2, the main components of Linear Programming and Integer 
Programming models, the objective function and the constraints are discussed, and 
the general forms of a Linear and Integer Programming models are also given. 
Sections 7.3 and 7.4 deal with the formulation of the replacement model for cost 
minimisation and profit maximisation respectively. In section 7.3.1 , the step by step 
development of the cost minimisation ILP model is given. The model considers only 
the major equipment cost items and the revenues which can be directly assigned to 
each individual equipment. The limited capital resources and the work requirements 
are assumed to be the main constraints of the model. However, the model does not 
consider the intangible factors such as the reputation of the manufacturer and the 
dealer's warranty period, which influence the replacement decision. 
A brief description of LINDO the linear programming computer software package is 
given in Section 7.5. Writing a computer program to solve a ILP model with a large 
number of variables is time consuming, therefore, it is always advisable to use a 
readily available LP software package if possible. 
This chapter does not explain how to derive input parameters from equipment data as 
this is discussed in detail in Chapter 8. 
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7.2 INTRODUCTION TO LINEAR AND INTEGER PROGRAMMING 
7.2.1 Fundamentals of Linear Programming 
Linear programming is a mathematical technique used to solve practical problems. 
Most of these practical problems consist of inequalities rather than equations 
therefore, methods such as calculus and algebra cannot be used to solve them. The 
most general form of this kind can be described as 'the optimal allocation of scarce 
resources'. 
Since its development in 1947 (S ivazlian and S tanfel, 1975), linear programming has 
found wide spread application in almost every industry including the construction 
industry particularly in the area of 'earthwork optimisation. Linear programming has 
gained this popularity mainly because(Stark and Mayer, 1983): 
1. It has a versatile mathematical format for a large variety of practical 
problems. 
2. It can be effectively applied with virtually no understanding of the 
mathematical theory. 
3. Solution by automated computation are both readily obtainable and 
inexpensive. 
A linear programme can be defined as (SaRdn, 1975): 
ta mathematical model which is designed to find a set of non-negative 
numbers of variables which maximises (or minimises) a linear equation or objective 
function while satisfying a system of linear constraints. ' 
To give a more clear idea of what a linear programme is, the statement given above 
can be expanded as follows: 
1. There is some objective to be attained, such as maximum profit or 
minimum cost of the system being studied. 
2. There are many variables to be handled simultaneously. The variables 
may be machine-hours, man-hours, quantities of products or any other 
depending on the problem. The variables are generally unknown and are 
the outputs of the system. In addition to these, there are input parameters 
which usually are known constants. 
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3. There are constraints which show the interactions between the variables 
and the limitations of the resources available. 
7.2.2 Mathematical Form of Linear Programming Models 
Problems can be put into a linear programming model only if the algebraic 
relationships between the variables are linear or can be closely approximated by first 
order equations. 
The most general form of LP problem is that of maximising or minimising the linear 
function: 
Z= clxl ......... + CnXn ...................... (a) 
of real variables , X1 ...... Xn where cl, ...., cn are given constants. The 
function Z is called the objective function. The variables Xi ...... Xn must also 
satisfy m linear constraints which are either inequalities or equations. 
Symbolically, the constraints may be written as: 
a,, Xl ......... +a InXn : 5,2: b, 
a2, X, ......... +a 2nXn : 5, ýt 
b2 
............... .............. 
am, Xl ......... + amnXn <1 bm. 
where the aij and bi are constants, and each constraint may be of the : 5, =, or 
type. 
Usually, the variables Xi . ....... Xn are assumed to take only non-negative values. 
These conditions are known as the non-negativity restraints and can be expressed as: 
X1 2-' 01 X2 ýý 01**, * *I 
Xn ': 0 
The mathematical expressions (a), (b) and (c) represent the complete formulation of 
the general linear programming problem. 
Both the objective and the constraint sets (the three mathematical expressions above) 
can be written more succinctly as: 
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maximise or minimise: 
n Y, 
cjx 
i 
j=l 
such that : 
for aU i=1 to m, 
n IaX 
j=l 
and for all i=1 to n, 
i 
7.2.3 Linear Programming with Integer Variables 
(Integer Linear Programming) - 
When one or more variables of a linear programme has integer values then the 
programme becomes an Integer Programme. If all the variables are integer then the 
linear programme is simply called a pure Integer Linear Programme (ILP) and, if 
there are both integer and real variables then it is called a mixed integer linear 
programme (Schrigver, 1986). However, an integer linear programme, for 
convenience, is often referred to as just an integer programme (Taha, 1975). 
Ile requirement of integer values for variables adds more constraints to the general 
LP model. The general integer linear programme (either pure or mixed) takes the 
following format: 
maximise or minimise: 
n IciXi 
j=l 
subject to: 
for aU i =1 to m, 
n 1, 
ax 
j=l 
for all j =1 to n, 
X. 2: 0 
i 
and for one ormore values ofj, Xi is aninteger. 
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When an integer variable can take only the values zero or one then, that variable is 
called a zero-one variable and the integer programme is called a zero-bne integer 
programme. 11iis condition is often used in a go or no-go situation where a decision 
has to be made regarding a variable whether to have it or not. In this case an 
additional constraint is added to the integer linear programme such that: 
for one or more values of 
xi ý-- 1 0, donothaveX 
i 
I 
7.2.4 Solution to a Linear Programming Problem 
In principle, every LP problem can be solved, provided that a solution exists. Small 
linear programming problems can be easily solved by the graphical method. In this 
method graphs of the objective function and the constraints are drawn and the 
optimum solution is found by visual inspection. However, if the number of variables 
in the problem is greater than three then, this method cannot be used and the Simplex 
method is commonly selected to solve the problem. 
The Simplex method, devised by Dantzig in 1947 (Sivazlian & Stanfel, 1975; 
Dantzig, 1963), is an algorithm which produces the required solution in a finite 
number of steps. Various forms of the Simplex method have been devised which 
differ in computational detail but no other general method has been found which is 
more efficient than the Simplex method. To solve Integer Programmes the Branch 
and Bound method could be used (Salkin, 1975). 
Relatively small problems may be solved by hand using the Simplex method. 
However, as the number of variables increases, hand computation becomes time 
consuming, difficult and sometimes virtually impossible. 
One can avoid this tedious process of hand computation by using the computer to 
solve LP problems. A general-purpose language such as FORTRAN, Pascal or 
BASIC could be used to write algorithms to solve most of the LP problems (Mole, 
1987). The availability of computer software packages for linear programming has 
made it possible to handle large-scale problems. For, example, the LMO package 
can accommodate an ILP with several thousand variables (Schrage, 1987). 
I, have X f 
0, do not I 
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7.3 REPLACEMENT MODEL FOR COST MINIMISATION 
This replacement model considers the whole fleet or a group of similar equipment 
(Chapter 4) in the analysis instead of considering only one piece of equipment as in 
most of the other replacement models (Chapter 3). 
The cost minimisation model was initially developed for a group of similar equipment 
and then later it was further developed for the whole fleet of equipment in a 
contracting company. 
Section 7.3.1 explains, step by step, the formulation of the initial model (for a 
group). Therefore, the extensions of this initial model for the entire fleet are not 
described in great detail. However, certain aspects which have not been covered 
under the initial model are explained adequately whenever necessary. 
7.3.1 Formulation of Replacement Model for a Group of Similar 
Equipment 
The group of equipment may be a fleet of crawler tractors, wheel loaders, motor 
scrapers or any other type of equipment in which all the members should be similar. 
The main objective of the replacement model is to select the equipment for the above 
group so that the total annual cost of them will be minimum. Therefore, the objective 
function of the integer linear programme should comprise all the costs due to the 
equipment. This objective has to be achieved through limited resources available in 
the company. And also the selected group of machines should be able to undertake 
the total annual work load of the company. These requirements can be considered as 
the restraints or the constraints of the ILP model. 
7.3.1.1 Objective Function 
The basic assumption in this analysis is that the company needs the equipment for an 
infinite time horizon. This enables the costs in the objective function to be given in 
terms of equivalent annual amounts like in most other cost minimisation models, so 
that the comparison of alternative equipment can be done on a common basis. The 
three main cost items in the objective function are the ownership costs , operating 
costs and the consequential costs due to downtime of equipment. These costs should 
include those due to both existing equipment of the company and new equipment 
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which are possible candidates to replace the older (existing) ones. This allows the 
IILP model to select a combination of older and new equipment to give minimal total 
annual cost of the entire group. 
The objective function could be written as 
minirnise: 
I Equivalent annual or Marginal I 
+I 
Equivalent Annual Ownership6 
Ownership, Operating and Downtime Operating and Downtime costs 
costs of existing equipment of new equipment 
The annual costs given above, represent the corresponding costs of equipment which 
give the minimum equivalent annual total cost (EAQ or the next year's marginal cost 
(Section 4.3.2 and Section 8.3). 
For an existing equipment item i, used for a particular work task k, the equivalent 
annual or marginal ownership cost (giving the minimum EAC or marginal cost) could 
be written as: 
C 
i, k 
X 
Lk 
where Ci, k is the corresponding equivalent annual or marginal ownership cost and 
Xi, k is a zero-one variable which determines whether or not the equipment item i 
should be retained and used for work task k. 
The ownership cost is normally assumed to be independent of the type of work done 
by the machine. However, most of the equipment managers agreed during the 
discussions that the type of work being done could have a significant effect on 
mechanical deterioration of equipment. This in turn would influence the resale value 
of that equipment. 7berefore, it is more accurate to assume that the annual ownership 
cost to be dependent on the type of work being carried out by the equipment. 
If there were K number of definite work tasks for which the equipment i could be 
used throughout its remaining life, then the total ownership cost due to all these 
alternative work tasks could be written as: 
K 
IC 
Lk 
X 
i, k 
k=1 
If there were I number of similar equipment in the company, then the total annual 
ownership costs due to all existing equipment items could be represented by: 
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1K 
12: 
Ci, 
k 
*XU 
i =l k=l 
Similarly, the equivalent annual ownership cost (giving the minimum EAC) of a new 
equipment j which if bought now and used for work task k would be: 
CO * X1. j, k j, k 
where C'J, k is the corresponding equivalent annual ownership cost and X'j, k is the 
zero-one decision variable which determines whether or not to buy the equipment. 
The summation of the above costs for all the possible work tasks, could be written 
as: 
1 
ci 
j, k 
* xe 
j, k 
k =1 
If there were J items of new equipment being considered as the candidates for 
replacing the existing equipment, then the sum of the equivalent annual costs of all 
such equipment would be: 
J 
ct * xt 12: 
i. k j, k 
j=l k=l 
The operating costs include maintenance costs, repair costs , fuel and operator costs. 
These cost elements vary with the type of work done by the equipment. 'Mat is ,a 
piece of equipment can do some jobs more economically than the other jobs. For 
example, the unit operating cost of a crawler tractor during jungle clearing may be 
different to that during push loading motor scrapers. 
The equivalent annual or marginal operating cost (giving the minimum EAC or 
marginal cost) of an existin gequipmentitern i, if retained andused for work taskk 
could be given as: 
M*Y, 
i, k I. k 
where Mi, k is the corresponding equivalent annual or marginal operating cost if the 
machine i is used for work task k. Xjýk is the zero-one variable as defined earlier. 
Now, the summation of the above costs for all the possible work tasks could be 
written as: 
K 
I 
Mi, 
k 
X 
i, k 
k=l 
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If there were I types of existing equipment then the total annual operating cost could 
be written as: 
IK 
11 
m 
i, k 
X 
i, k 
i=1 k=1 
The equivalent annual cost (giving the minimum EAC) of the new equipment item 
which is bought now and used for work type k could be given as: 
me X1 j, k j. k 
where, M'j', k is the corresponding equivalent annual operating cost and X'J, k is the 
zero-one variable as defined earlier. 
'I'lierefore, the summation of equivalent annual costs of all new equipment for all the 
possible work types could be written as: 
J 
Eiml, 
* 
jk 
j=l k=I 
The downtime or the consequential costs depends both on the usage and the type of 
work done. Also, when a piece of equipment becomes older, the downtime tends to 
increase hence, the downtime cost in turn increases with the age of equipment. 
Considering the above factors, the equivalent annual or marginal downtime cost 
(giving the minimum EAC or marginal cost) of an existing item of equipment i, if 
retained and used for task k could be given as: 
D 
Lk 
X 
Lk 
where, Di, k is the corresponding equivalent annual or marginal downtime cost of the 
existing equipment and Xi, k is the zero-one variable as defined earlier. 
Similarly, the equivalent annual downtime cost (giving the minimum EAC) of the 
new equipment i if bought now and used for work task kwould be: 
D' * X! j, k j. k 
where, D'i. k is the corresponding equivalent annual downtime cost of new equipment 
if bought and used for work task k and X'J, k is the zero-one variable. 
Now, the summation of annual costs of both existing and new equipment for all the 
possible work tasks could be written as: 
IKJK 
JE 
D*X. + 
Ell 
D' * X. 
Lk k j, k jk 
i=1 k=1 j=1 k=1 
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'Mus, the complete objective function would be: 
minimise: 
IK 
11 (ci, 
k +Mi, k +Di, k 
) 
Xi, 
k + 
i =1 k=l 
JK 
C' + M'. + D'. j, k J, k J. k) 
X'J. 
k 
j =1 k=l 
It should be noted that the above costs represent the corresponding costs of 
equipment which give the minimum equivalent annual total cost in the case of new 
equipment. For an existing equipment item these may correspond either to the 
minimum equivalent annual total cost or to the marginal total cost (Section 8.3). 
7.3.1.2 Constraints 
The number of constraints in the replacement model depends on conditional factors 
(Section 4.5) such as capital resources available for purchasing new equipment, work 
requirements, required number of equipment and maintenance facilities available for 
the equipment fleet. The results of the questionnaire survey and the discussions 
conducted with many equipment companies support the new concept of considering 
these constraints in the replacement analysis. There may be other factors which 
affect the replacement decision; if these factors can be expressed in mathematical 
terms then they can also be added to the constraints of the model. 
The constraints which are more likely to influence the replacement decision are 
explained in this section. However, the constraints due to maintenance facilities are 
included only in the model for the whole fleet because these facilities usually belong 
to the entire fleet, and not to a particular equipment group in the company. 
1. Capital Resources 
The capital requirement at present is the sum of the purchase prices of new 
equipment to be bought minus the sum of the resale values of the existing equipment 
to be sold. The capital constraint could be written as follows: 
± 
po 
j*i 
X'j*, 
k -± 
pi 
11 
-i Xi, k 
1 
:5 Cap 
j=l k=l i=l k=l 
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where: 
Pi = Present resale value of existing equipment i 
P, j = Present purchase value of new equipment j 
Cap = Total capital available at present (either from company's capital resources or 
from bank loans) 
J, k 
is always either 1 or 0,. depending on whether the equipment j is The term 7- X'* 
bought or not. Thus P'j *I X'J, k becomes the purchase price or zero depending on 
the value of F, X'j*, k. Therefore, 
I P'j *I Xj, k is the total capital required for 
purchasing the selected new equipment items. 
Similarly, X i, k is 1 if the existing equipment i is retained and 0 if it is sold. Thus, 
2: Pi 11- X Lk I is the total amount of money gained by selling the selected 
existing equipment. 
2. Work Reguiremen 
For all k =1,2 . ...... K 
IA 
*E*X +I X, * E' xf 
i=1 
i i, k i, k 
j=1 i 
j, k* j, k 
w 
This is the total annual work expected from both the existing equipment i retained and 
used for task k and the new equipmentj bought and used for task k. 
Where: 
Wk Estimated total annual work requirement of task k 
Ai Estimated number of hours available of existing equipment i during the next 
year 
A'j Estimated number of hours available of new equipmentj during the next year 
ELk Productivity factor of existing equipment i if used for work task k 
J, k Productivity 
factor of new equipment j if used for work task k E'* 
Here, it is assumed that a piece of equipment is doing only the part of work that can 
be done during the time when there are no breakdowns , and the loss of work due to 
downtime of the equipment may be done by the same equipment on an overtime basis 
or by a hired equipment or not done at all. The corresponding consequential costs are 
included as the downtime costs in the objective function. 
157 
Therefore, the term Ai represents the the total time that an existing equipment item i 
will be available for any work task during the next year. And Ei, k is the factor. 
which takes into account the capacity, model or make of the equipment in combining 
the total work done by all such equipment. For example, some machines are large 
and some are small; some machines can perform certain type of work better than 
others. The effect of obsolescence could also be represented by this factor. In the 
case of new equipment A'j and E'j. k are used with similar meanings as given above. 
3. Required Number of Equipment 
This constraint determines the total number of equipment required by the 
management. 
1KJK 
21 
xU+1 x- 
j, k :5 
i=lk=l j=l k=l 
where N is the maximum number of equipment required. 
4. Other Constraints. 
These are non-negativity and zero-one constraints. 
For all i=1,2,.... J : 
Xi, 
k or 
I 
and for 1,2 . ....... j: 
0 
xf j, k =f1 
or 
For all i=1,2,.... 
K 
I Xi, 
k <1 
k=l 
and for all i=1,2,..., J 
K 
xt I 
j, k 
k=1 
0 
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The complete Integer Linear Programme for a group of similar equipment is given 
below: 
Objective function: 
minimise: - 
IK 
11 (Ci, 
k + 
Mi, 
k +Di, k 
) 
Xi, 
k + 
=1 k=l 
JK 
lya 
j =1 k=l 
Constraints: 
.................... 
cl 
j, k + 
ml 
j, k + 
D' 
J. k) 
X'J, 
k 
Capital Resources: 
iK 
DO 
i* 
xf 
j, k - 
j=j k=l 
Work Requirements: 
For all k =1,2 . ...... K 
Ai *E Lk *Xi, k 
K 
pi 
[1 
-I Xi, k :5 Cap .......... (7.2) 
i=l k=l 
E' Xt 
j=l i 
j, k* j, k 
Required Number of Equipment 
IKJK 
1: 1 
x 
i, k +IX, j, k 
i=lk=l j=l k=l 
Other Constraints: 
For all i=1,2 ..... 
i, k = 
For j 1,2 j 
xf 
j, k = 
or 
or 
ý: wk........... (7.3) 
:5N................ (7.4) 
..................................... (7.5) 
..................................... (7.6) 
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For all i=1,2,.... J; 
K 
Ixi. 
k 
k-I 
For all j=1,2,..., f 
K 
I 
'Vj. 
...................................... (7.7) 
:51...................................... (7.8) 
k-I 
List of variables and input parameters: 
Xa = (zero -one variable) denotes existing equipment i retained and used for work 
task k 
X'J. k "0 (zero - one variable) denotes new equipment j bought now and used for 
work task k 
Ci. k = equivalent annual or marginal ownership cost of existing equipment i if used 
for work task k 
Cj. k - equivalent annual ownership cost of new equipment j if bought and used 
for work task k 
N14k - equivalent annual or marginal operating cost of existing equipment i if used 
for task k 
M'J. k - equivalent annual operating cost of new equipment j if bought now and 
used for task k 
DiA = equivalent annual or marginal downtime cost of existing equipment i if used 
for task k 
D'J. k = equivalent annual downtime cost of new equipmentj if bought now and 
used for task k 
Pi = present resale value of existing equipment i 
Vj - present purchase value of new equipment i 
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Cap = total capital available at present 
Wk estimated total annual work requirement of task k 
Ea productivity factor of existing equipment i if used for work task k 
Ej. k= productivity factor of new equipment j if used for work task k 
Ai = estimated number of hours available of existing equipment i during the next 
year 
A'j = estimated number of hours available of new equipment j during the next 
year 
N= total number of equipment required. 
7.3.1.3 Option of Hiring Equipment 
Here, it is assumed that the company hires external equipment only to do the balance 
of work when the company's own equipment are incapable of performing the total 
work at hand. Hence, as a result of hiring external equipment there would be no 
major changes in the maintenance department or elsewhere in the company. 
The following cost term should be added to the objective function of the ILP model in 
order to include the hiring option in the replacement model. 
K 
(11R) IHk 
k-I 
where (11R) is the average hire rate in the market and Hk is the average number of 
hours to be done (per year) by the hired equipment. 
Subsequently thework requirement 'constraint (Equation 7.4) should be modified 
as follows. 
For all k -1,2 .. X; 
±Ai* 
E 
i. k *XI. k +± 
ý- 
* E' J, k* 
X;. 
k + Hk 
Wk 
iml j-1 
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7.3 2 Replacement Model for the Whole Fleet of Equipment. 
The Integer Linear Programming model developed for the entire fleet is very similar 
to the model given in Section 7.3.1. The only difference is the presence of additional 
mathematical terms due to different types of equipment in the fleet, which is denoted 
by the symbol t. 
7.3.2.1 Objective Function 
Nfinimise: 
TIK 
Z ý-- 
III ( 
Cti, 
k + 
Mti, 
k + 
Dt, 
Lk 
) 
Xt, 
i, k + 
=li =lk =1 
TJK 
111 ( 
C't. 
j, k+ M't, j, i+ D' tj) 
X, 
t, j. k (7.9) 
t =Ij =1 k =1 
The first mathematical term represents the sum of minimum equivalent annual costs 
of the existing equipment (for some equipment this may the marginal cost). The 
second mathematical term is for the sum of minimum equivalent annual cost of new 
equipment. Definition of the symbols are given in the list at the end of the model. 
7.3.2.2 Constraints 
1. Capital resources 
The capital requirement at present is the difference between the sum of the purchase 
prices of all new equipment to be bought and the sum of the resale values of the 
existing equipment to be sold. 
PI X1 
I IE 
Ptýj 1-1 Lj tj, k Xt'j'k Cap ....... (7.10) 
t =1j =1 k =1 t =1i =1 k =1 
2. Work requirement 
For all k=1,2 ... K; 
TITJ 
1: 1 Atýi* E 
ti, k 
*X 
ti, k +1,1 A'tj* E't'j, k* xv t, j, k 
t =Ii =1 t =1j =1 
Wk 
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The left hand side of the above expression gives the total work possible from the 
existing -and new equipment, and Wk is the total annual work requirement for work 
task k 
3. Required number of equipment 
This constraint keeps the total number of equipment of each type constant as required 
by the management. 
For each type t; 
IKJK 
11 
X 
Li, k 
+ 
1: 1 
X't, 
j, k Nt ................ (7.12) 
i =lk =1 j =lk =1 
where Nt is the maximum number of vype t equipment in the fleet. 
4. Maintenance reso rce requirement 
This constraint imposes an upper limit for the availability of maintenance resources in 
the company. These maintenance resources may be repair personnel, service 
personnel, workshop equipment, workshop area or any other facilities which are of 
limited quantity. The restrictions due to the above resources can be written as separate 
constraints in the ILP model. The constraint given below shows how to add the 
effects due to limited man-hours of the repair crew. However, the validity of this 
constraint should be checked before using it in the replacement model. 
TIKTJK 
I III Qti, k* Xti, k +111 Q't. i. k* xf tj, k 
t =li =lk =1 t =lj =lk =1 
:5 RepH * UF ...... (7.13) 
where Qti, k and Q'tj, k are the requirements of repair man-hours (annual) for 
existing and new equipment respectively (explained under the list of variables and 
input parameters). RepH is the total repair man-hours available (per year) in the 
company and UF is the utilisation factor for repair men. Ibis UF value should be 
found by a work study of the repair crew. 
5. Other constraints 
These are non-negativity and zero-one constraints. 
For all values of tij, k ; 
Xt, i, k ý- 0 or 1 
X't, j, k ": 0 or I 
................................................... (7.14) 
................................................... (7.15) 
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For all i of type t; 
Ixt, 
i, k ....................................... (7.16) 
k 
For all j of type t; 
I X1 t, j, k 
< 
..................................... (7.17) 
k 
List of variabIes and input parameters: 
Xt, i, k (zero-one variable) denotes existing equipment i of type t retained and used 
for work task k 
Xt Lj, k (zero-one variable) 
denotes new equipment j of type t bought now and used 
for work task k 
CLi, k equivalent annual or marginal ownership cost of existing equipment i of type 
t if retained and used for work task k 
C't, j, k = equivalent annual ownership cost of new equipment j of type t if bought 
now and used for work task k 
Mtýi, k = equivalent annual or marginal operating cost of existing equipment i of type t 
if retained and used for work task k 
k= equivalent annual operating cost of new equipment j of type t if bought now 
and used for work task k 
DtJ, k= equivalent annual or marginal downtime cost of existing equipTent i of type t 
if retained and used for work task k 
D't, j, i=. equivalent annual downtime cost of new equipment j of type t if bought now 
and used for work task k 
Pýj = present resale value of existing equipment i of type t 
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P't, j = present purchase value of new equipment j of type t 
Cap = total capital available at present 
Wk = estimated total annual work requirement of work task k 
E0, k = productivity factor for existing equipment i of type t if used for work task k 
E'tj. k = productivity factor for new equipment j of type t if used for work task k 
Aýj = estimated number of hours available for existing equipment i of type t during 
the next year 
A'tj = estimated number of hours available for new equipment j of type t during the 
next year 
Nt = total number of equipment required of type t 
Qt, i, k = annual requirement of repair man-hours for existing equipment 1 of type t, if 
retained and used for work task k 
Q'tj, k= annual requirement of repair man-hours for new equipment j of type t, if 
bought now and used for work task k 
RepH = total repair man-hours available during a period of one year 
UF = utilisation factor for repair personnel 
165 
7.4 REPLACEMENT MODEL FOR PROFIT MAXIMISATION 
As the objective now is to maximise the profits, the objective function should consist 
the revenue of the equipment in addition to their costs. Therefore , profit 
maximisation needs the estimation of the future revenues of the equipment. This 
requirement limits the use of this type of profit maximisation model mainly to plant 
hire companies because contracting companies very often do not get any direct 
income from their equipment. However, the model could be used by subsidiary plant 
companies who hire equipment to their parent contracting company. 
The objective function of the profit maximisation model could be written as : 
Revenue from equipment 
both existing and new 
I Cost of equipment 
both existing and new, 
The costs of equipment include all the costs discussed under the cost minimisation 
model in section 7.3. The additional term which represents the revenues from 
equipment depends on their usage and should be given in terms of equivalent annual 
(or marginal) sums in order to be compatible with the cost terms. 
For equipment i which is used for work task k, the equivalent annual or marginal 
revenue could be given as: Ri, k * Xi, k. 
where is RLk the equivalent annual or marginal revenue of equipment i, if used for 
work task k. 
The complete objective function of the model could be written as: 
maximise: 
IK 
Iya (R 
Lk - 
Ci, 
k - 
Mi, 
k -D Lk 
) 
Xi, 
k + 
i =lk =1 
JK 
? ýý (R' 
j, k - 
ct 
j. k- 
ml 
j, k- 
D' 
j, k) 
xf 
j, k 
j =lk =1 
where: 
RLk= equivalent annual or marginal revenue (giving the maximum EAP or marginal 
profit) of existing equipment i, if retained and used for task k 
R! j. k = equivalent annual revenue (giving the maximum EAP) of new equipment j, 
if bought now and used for task k 
It should be noted that the parameters in the objective function given above, are the 
corresponding revenues and costs giving the maximum equivalent annual profit for 
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each new item of equipment. For the existing equipment items these parameters may 
correspond to either maximum equivalent annual profit or marginal profit for the next 
year (Section 8.3). 
In practice, the revenues from equipment may not depend on the type of work carried 
out by the equipment. This situation is clearly seen in plant hire companies in which 
the revenues usually vary only with the type of equipment. 
Therefore, a plant hire company could use the following simplified objective function 
to find the optimum replacement strategy for its whole equipment flee*t. 
7.4.1 Objective Function: 
maximise: 
I 
11 (Rtýj 
- Ct'i - Mtýj - Dýj 
) 
Xt. j 
t =11 =1 
TJ 
I yd 
R't, 
j - 
co 
tj - 
mtt. j - D't, j 
t =lj =1 
X 
t, j ................... 
(7.18) 
The first mathematical expression of the objective function given above, represents 
the sum of the maximum equivalent annual profits of the existing equipment; for 
certain equipment items marginal profit should be used in place of maximum 
equivalent annual profit (Section 8.3). Similarly, the sum of maximum equivalent 
annual profits of new equipment items are represented by the second mathematical 
expression. 
7.4.2 Constraints: 
I. Capital Resources: 
'Me capital requirement is the difference between the sum of the purchase prices of all 
new equipment to be bought and the sum of the resale values of the existing 
equipment to be sold. 
TJTI 
IE Pit'i * X1 
t, j - 
EE Ptj 
11- 
xtýj 
] 
........... (7.19) 
t =Ij =1 t =Ii =1 
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2. Work Requirement: 
The annual work possible for the entire group of equipment of type t should be 
greater than or equal to the work required from them in the coming year: 
For all t=1,2, .... T; 
TITJ 
1: 1 A*X+I X1 ý: Wt ........... (7.20) tj tj ,I 
A'4j 
tj 
t =1i =1 t =1j =1 
3. ReQuired Number of Equipment: 
This is the maximum number of type t equipment required by the management. 
TITJ 
yal: X0 +IIX, tj :5 
Nt ................... (7.21) 
t =li =1 t =lj =1 
4. Maintenance Resources- 
The total annual maintenance resource requirement of equipment for each type of 
maintenance resources should be less than or equal to those available in the company. 
The following constraint is given only for the repair crew, however, similar 
constraints could be written for all maintenance resources. 
TITJ 
11 
Q"i * X'i + 11 Q"j * X", 
t =lj =1 
5. Other Constraints: 
These are non-negativity and zero-one constraints. 
For all values of t and i: 
Xtj =1 or 0 
For all values of t andj: 
:5 RepH * UF ....... (7.22) 
...................................... (7.23) 
X tj =1 or 0 ...................................... (7.24) 
1§8 
List of variables and input parameters: 
Xtj = (zero-one variable) denotes whether or not existing equipment i of type t is 
retained 
Xlt, j = (zero-one variable) denotes whether or not new equipment j of type t is 
bought 
Rtj = equivalent annual or marginal revenue of existing equipment i of type t if 
retained 
R't, j = equivalent annual revenue of new equipment j of type t if bought 
Cýj = equivalent annual or marginal ownership cost of existing equipment i of type 
t if retained 
Clt, j = equivalent annual ownership cost of new equipment j of type t if bought 
Mýj = equivalent annual or marginal operating cost of existing equipment i of type t 
if retained 
M'tj = equivalent annual operating cost of new equipment j of type t if bought 
Dtj = equivalent annual or marginal downtime cost of existing equipment i of type t 
if retained 
D't, j equivalent annual downtime cost of new equipment j of type t if bought 
Ptj = present resale value of existing equipment i of type t 
P'Q present purchase value of new equipment j of type t 
Cap total capital available at present 
Wt estimated total annual work required from equipment rAX t 
Atj estimated number of hours available for existing equipment i of type t during 
the next year 
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A'tj estimated number of hours available for new equipment j of type t during the 
next year 
Nt = total number of equipment required of type t 
annual requirement of repair man-hours for existing equipment i of type t, if 
retained 
Q't, j = annual requirement of repair man-hours for new equipment j of type t, if 
bought 
RepH = total repair man-hours available during a period of one year 
UF = utilisation factor for repair personnel 
7.5 SOLUTION TO THE REPLACEMENT MODEL 
Although very small Linear Programming models can be solved with simply a pencil 
and paper, by methods such as Graphical and Simplex methods, this would never be 
practical for large scale models. A linear programming model may have hundreds of 
constraints and variables, and such models are usually solved by computer. Some 
large models may take hours to solve even on a computer. As a very rough rule of 
thumb the time to solve a linear programming model increases with the cube of the 
number of constraints in that model (William, 1978). 
The replacement model developed in this chapter may consist of many variables and 
constraints. The number of variables increases with the number of equipment items 
considered in the model. For example, the case study presented in Chapter 9 
contains more than 88 decision variables and 30 constraints. Therefore, this 
necessitates the use of a computer for solving the replacement model. 
Using Simplex and, Branch and Bound algorithms (Section 7.2), a set of computer 
routines could be written to solve any Integer Linear programme. A computer 
language such as FORTRAN or BASIC could be used for this purpose. However, a 
computer program which can handle a large number of variables and constraints may 
consist of many routines and usually needs a considerable amount of effort to write. 
Fortunately, there are very sophisticated Linear Programming computer software 
packages are now available commercially. Therefore, it was decided to make use of 
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an available LP package to solve the replacement model rather than writing a 
computer program. 
Theoretically, one can use any LP package provided that it has the capacity to 
accommodate a large number of variables and constraints. For example, the 
STRATGRAPHICS (1986) statistical software package has the facility to solve LP 
problems, however this can handle only a small number of variables and constraints. 
The LINDO linear programming package, which has been used used by other 
researchers to solve considerably large LP problems (Easa, 1989), was therefore, 
selected for solving the replacement model. 
UNDO (Linear INteractive Discrete Optimizer ) is a very flexible, user friendly and 
powerful LP system. In the past it has been used to solve large scale real industrial 
linear, quadratic and integer programmes (Schrage, 1987). On mainframe and large 
personal computers UNDO can be used to solve problems with over 1000 rows and 
several thousand variables. 
UNDO is very easy to use; any linear programme can be directly typed on to the 
computer. For example: 
min 2al+4a2+3a3+5a4+4bl+3b2+6b4 
+5cl+6c2+4c3+3c4 
subject to 
al+bl+cl 
a2+b2+c2 
a3+b3+c3 
a4+b4+c4 
=9 
=7 
=6 
=8 
al+a2+a3+a4 <12 
bl+b2+b3+b4 <11 
cl+c2+c3+c4 <13 
end 
This is a complete LP problem which would be seen on the computer screen after 
being typed into LINDO. It also has the facility to solve mixed ILP problems. In 
this case, both zero-one and general integer variables are recognized by LINDO. 
Zero-one variables are useful in the replacement model to represent go or no-go type 
decisions. The general integer variable in this package can take any integer value up 
to about 30000 including zero. 
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7.6 SUMMARY 
Linear Programming is not entirely new to the construction industry. It has been used 
in such areas as quarrying and earthmoving operations (Stark & Mayer, 1983). 
However, it has never been used for replacement analysis of construction equipment. 
Therefore, the replacement model proposed in this chapter introduces a new area of 
application of linear programming. 
The replacement model was developed to suit both cost minimisation and profit 
maximisation objectives. The cost minimisation objective is basically for contracting 
companies and the profit maximisation is more suitable for plant hire companies. The 
present replacement model uses the theory of Linear and Integer programming 
introduced in the early part of this chapter. 
Ile costs and the revenues considered in the replacement model cover almost all the 
tangible factors to be used in the replacement analysis of construction equipment. 
However, the new concepts of the whole fleet or group approach and the effects of 
conditional factors such as scarcity of capital resources and work required of 
equipment were included in the new model to make it more realistic than the previous 
replacement models. 
The selection of the input parameters and constraints presented in the model was 
based on the literature survey, questionnaire survey and the discussions conducted 
with equipment companies. (The results of the case study presented in Chapter 9 
support the new concept of considering the conditional factors (constraints) in the 
replacement analysis). 
Solution to the above replacement models is possible with a computer and a Linear 
Programming software package such as LINDO can be used for this purpose. 
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CHAMR F20HT 
DETERMINAI[ION OF W? UT PARAMETERS FOR THE 
RE? LACEMENT MODEL 
8.1 Introduction 
8.2 Time Value of Money, Effects of Inflation and Obsolescence 
8.2.1 Time Value of Money 
8.2.2 Effects of Inflation 
8.2.3 Effects of Obsolescence 
8.3 Minimum Equivalent Annual Cost, Marginal Cost, Maximum Annual Profit and 
Marginal Profit Parameters for the Objective Function 
8.3.1 Computer Program to Determine Minimum Equivalent Annual Cost and 
Maximum Equivalent Annual Profit 
8.3.2 Determination of Marginal Cost and Marginal Profit 
8.4 Ownership Cost 
8.5 Operating Cost, Downtime Cost and Revenue 
8.5.1 Operating Cost 
8.5.1.1 Fuel and Operator Costs 
8.5.1.2 Maintenance and Repair Costs 
8.5.2 Downtime Cost 
8.5.3 Revenue 
8.6 Parameters in Constraints 
8.7 Summary 
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8.1 INTRODUCTION 
A new replacement model was introduced in Chapter 7 and it was shown how this 
model could be used for equipment companies with the objective of either cost 
minimisation or profit maximisation. The present chapter is intended to supplement 
Chapter 7 by explaining the economic theory underlying the replacement analysis and 
how the input parameters of the model are determined. 
A brief introduction of the Time Value of Money is given in the beginning of this 
chapter. To properly account for the time value of money in evaluating equipment 
alternatives in the replacement analysis it is important that both the earning power of 
money and its purchasing power are properly reflected. The earning power is 
incorporated into the analysis by using an appropriate discounting technique such as 
the Present Worth or the Equivalent Annual Worth method. The purchasing power 
of money is closely linked with the Inflation, which is commonly known as the 
increase of prices of goods and services. Section 8.2, therefore, explains how to 
incorporate inflation into the replacement analysis. It also describes how the effects 
of Obsolescence could be accounted for in determining input parameters for the 
replacement model. 
Section 8.3 presents a detailed discussion of the criteria used in the replacement 
model to compare equipment alternatives. To facilitate the discussion of the 
principles involved in the replacement analysis it is necessary to introduce two 
important terms, namely, Defender and Challenger, used in this section. The 
defender is an existing item of equipment being considered for replacement and the 
challenger is an equipment item proposed to be the replacement. Ilie replacement 
criteria proposed in this section provides the answer to the important question, 
'Should the existing machine (defender) be replaced (by a challenger) now, or 
continued in service for at least one more year T. 
The mathematical formulae to be used in calculating equivalent annual worth of 
ownership cost, operating cost, downtime cost and revenue are given in Sections 8.4 
and 8.5. A computer program was written to use these formulae to find the 
corresponding values of the equivalent annual costs and profits. 
How to determine the input parameters such as the equipment availability , work 
requirement and maintenance resources, used in the constraints of the replacement 
model is described in Section 8.6. 
174 
8.2 TIME VALUE OF MONEY, EFFECTS OF INFLATION AND 
OBSOLESCENCE 
8.2.1 Time Value of Money 
Equipment acquisitions and replacements are decisions made on capital investment. 
In deciding whether to accept or reject a capital investment, many factors should be 
considered (Chapter 4). One factor that is generally recognized as important is the 
time value of money. Because money can earn interest during the time it is invested, 
a future return is worth less at the present time. Conversely, an amount of money 
invested now will be worth more when this amount and its accumulated interests are 
received n years from now. This relationship between interest rate and the value of 
money over time is the basis for two fundamental concepts in economics: 
compounding and discounting. To find the total amount of money gained in the 
future from an investm ent now, the concept of compounding is used. The method of 
discounting is used to convert future cash flows of money to the present day terms or 
to an equivalent annual basis. 
Replacement analysis, relies on the discounting of projected cash flow. The 
replacement analysis involves present and future values of capital expenditures, 
operating costs and income receipts over the life of a piece of equipment. In general, 
capital expenditure occurs at the beginning of life and the operating costs in each year 
of life. It is assumed that these operating costs and other annual costs occur at the 
end of each year for convenience. 
There are two methods to find the optimum life of equipment and also to determine 
the most economical equipment to replace the existing equipment. These are: 
(1) Present Worth (PW) Method and; 
(2) Equivalent Annual Worth (EAW) Method. 
If the present worth method is used to find the optimum life, then the analyst should 
consider continued replacement of equipment for an infinite time horizon. This needs 
all cash flows due to acquisition and operation of all future replacement equipment for 
the same infinite period. In the equivalent annual worth method, the assumption of 
continuous replacement is still there, but the cash flows considered in the analysis are 
only for the life-cycle of the equipment concerned. The equivalent annual worth 
method does not include complicated mathematical equations as in the case of the 
present worth method, thus it is quite easy to use in determining the optimum age. 
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7le comparison between the alternatives to find the most economical equipment to 
replace the existing equipment is also done on the same basis of EAW., 111is aspectis 
described in Section 8.3. 
The Discounted Cash Flow (DCF) normally uses four types of discounting factors, 
namely: (1) Present Worth Factor (PWF); (2) Sinking Fund Factor (SFF); (3) 
Present Worth of Uniform Series and; (4) Capital Recovery Factor (CRF). Of these 
factors, the most used factors in the equivalent annual worth method are the PWF and 
CRF; how to use these factors are explained in the following sections. The definition 
and the interest formulae of the above discounting factors are given in Appendix E 
8.2.2 Effects of Inflation 
Inflation can be defined as the increase in the prices paid for goods and services 
(Jones, 1982). Inflation could increase the equipment prices operating costs 
including labour, materials and fuel, and even revenues and resale values of 
equipment. 
In replacement analysis, inflation is a very important factor and it should not be 
ignored. To consider the effect of inflation the analyst could adjust either the cash 
flow or the discounting interest rate to suit the inflation (Harris & McCaffer, 1982). 
However, if the discounting rate is adjusted to include inflation, then the inflation of 
all cash flow items should be the same. This means that the inflation rate of 
equipment prices, maintenance costs, etc. should be the same. This kind of common 
inflation rate is very rare in equipment economics. 
The inflation rates could be determined from historical cost records; for some items 
the inflation rates could be obtained from independent statistics organizations. If 
such information is not available, one can calculate the appropriate inflation rate 
using the following formula (Schexnayder & Hancher , 19 8 1): 
(Price)n II 
(Price)o 
where: 
g= annual price growth rate (inflation rate) 
(Price)0- = price in year zero (price in base year) 
(Price),, = price n years after the base year 
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Table 8.1 shows the prices of some construction equipment in 1981 and those 
predicted for 1986; the average annual inflation rate of prices, calculated using the 
above formula are also given. 
In a similar way , the corresponding inflation rates for all cash flow items such as 
maintenance costs, repair costs and resale values could be found. Table 8.2 shows 
the inflation rates for maintenance labour and maintenance materials in an equipment 
company. The different inflation rates for different items suggest that the best way of 
incorporating the effects due to inflation in this company is to adjust the future cash 
flows with the corresponding inflation rates separately. 
Table 8.1 Annual Growth Rate of Equipment Prices 
Equipment Type 
Average Price 
in 1981 
Average Price a Annual Price 
in 1986 Growth Rate 
f 1000 % 
47.2 1.5 
38.3 1.0 
21.0 4.7 
65.7 7.1 
36.5 3.3 
91.2 3.7 
187.6 8.8 
69.2 3.6 
51.5 - 
209.0 2.1 
12.9 2.0 
98.3 4.8 
102.6 3.3 
Hyd. Excavators (Tracked) 
Hyd. Excavators (Wheeled) 
Backhoe Loaders 
Wheel Loaders 
Crawler Loaders 
Crawler Tractors 
Dump Trucks (Rigid Frame) b 
Dump Trucks (Artic. Frame) b 
Motor Graders 
Motor Scrapers 
Compaction Equipment 
Cranes (Truck) 
Crawler Cranes 
f 1000 
43.9 
36.6 
16.7 
46.6 
31.7 
76.0 
123.3 
58.1 
59.6 
188.5 
11.7 
77.8 
87.2 
a source: Construction Plant & Equipment, 1983 
b Off Highway 
8.2.3 Effects of Obsolescence 
The main effect of obsolescence is the reduction in hourly operating cost of newer 
models of equipment due to the technological improvements. Increased productivity 
of newer models is another effect which in turn reduces the operating cost per unit 
of production. These two aspects are separately considered in the present 
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replacement model. 'Me reduction of hourly operating cost is directly considered by 
the equivalent annual operating cost (Mj, k). And, the increased productivity is taken 
into account by the productivity factor (Ej, k) in the work requirement constraints. 
Table 8.2 Inflation Rates for Maintenance Costs 
Type of Cost Inflation Rate in Year 
1986 1987 1988 1989 
Maintenance 4.8 7.9 10.4 10.0 
Labour 
Maintenance 3.5 5.6 8.5 10.0 
Spare parts 
source: Case Study (Chapter 9) 
8.3 MINIMUM EQUIVALENT ANNUAL COST, MARGINAL COST, 
MAXIMUM EQUIVALENT ANNUAL PROFIT, AND 
MARGINAL PROFIT PARAMETERS FOR THE OBJECTIVE 
FUNCTION 
As mentioned in Chapter 4 and Chapter 7, the replacement analysis in the present 
approach is based on either minimum cost or maximum profit objective subject to 
several real life constraints. The objective function of the cost minimisation model 
described in Chapter 7, has cost elements such as the ownership cost, operating cost 
and downtime cost. The profit maximisation model has an additional term for 
revenue and all the other cost terms with negative coefficients. 
The values of the input parameters such as C (ownership cost), M (operating cost), D 
(downtime cost) and R (revenue) of the objective function, depend on the age of 
equipment. If a piece of equipment has not passed its optimum life, then the above 
parameters represent the corresponding values giving the minimum (or maximum) 
equivalent annual cost (or profit). However, if the equipment has already passed its 
optimum life then the parameters represent the corresponding marginal (next year's) 
values. 
There are other input parameters such as the cost of hiring equipment, revenues from 
hiring equipment etc. which were adequately explained in Chapter 7. Basically, these 
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input parameters could be calculated in the same way as the other parameters 
described in Sections 8.2,8.4 and 8.5. 
The concept of taking either average or marginal value is explained below in detail for 
the cost minimisation problem. This. concept is being widely used to determine the 
optimum quantity of goods to be produced in most of manufacturing problems 
(Riggs, 1977). Figure 8.1 shows a typical average annual cost (equivalent annual 
cost when the time value of money is incorporated) and the marginal value curves for 
an equipment item. Here, the marginal cost represents the year-by-year cost of 
owning and operating the equipment and the average annual cost represents the 
average values of the above costs over a particular ownership period. 
It can be seen in Figure 8.1 that as long as the year-by-year costs are less than the 
equivalent annual costs, the net result is a reduction of the annual costs. Applying 
this logic to the Challenger-Defender situation, two important decision rules can be 
deduced for problems concerning replacing of equipment (Sprague and Whittaker, 
1985). However, as mentioned in Chapter 4, this analysis assumes that the 
equipment have an infinite service period. 
Cost 
'aeooolo 
Optimum Life 
- IF, 
Years of Ownership 
Figure 8.1 Equivalent Annual Cost and Marginal Cost of Equipment 
Source: Sprague & Whittaker, (1985) 
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The replacement in the cost minimisation case is based on the following decision 
rules: 
(1) If the defender (existing machine) has passed the optimum life then the 
Marginal (next year's) Cost of the defender is compared with the 
minimum Equivalent Annual Cost (EAQ of the challenger (new 
equipment). If the marginal cost of the defender is higher than the 
minimum EAC of the challenger then, the defender is replaced by the 
challenger. 
(2) If the defender is within its optimum life, then the minimum EAC of this 
machine is compared with the minimum EAC of the challenger. If the 
minimum EAC of the defender is higher than that of the challenger then 
replacement should take place. 
If neither of the above (1) and (2) are satisfied then the defender is retained and the 
replacement is deferred to another year. 
The same economic principles could be used for the profit maximisation problem. 
Here, the curves drawn are the Equivalent Annual Profits (EAP) and the Marginal 
Profits. 'Me replacement is based on the following decision rules: 
(1) If the defender (existing machine) has passed the optimum life then the 
Marginal (next year's) Profit of the defender is compared with the 
maximum Equivalent Annual Profit (EAP) of the challenger (new 
equipment). If the Marginal Profit. of the defender is lower than the 
maximum EAP of the challenger then, the defender is replaced by the 
challenger. 
(2) If the defender is within its optimum life, then the maximum EAP of this 
machine is compared with the maximum EAP of the challenger. If the 
maximum EAP of the defender is lower than that of the challenger then 
replacement should take place. 
If neither of the above (1) and (2) are satisfied then the defender is retained and the 
replacement is deferred to another year. The above analysis considers the situation 
only for the next year. The reasons are obvious; costs and revenues for equipment 
vary, equipment technology vary, and needs of the company and the industry 
change. Therefore, a longer analysis period is usually a waste of effort. 
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In the above explanations, only the replacement of one machine was considered. 
However, in the proposed replacement model, a group or the whole equipment fleet 
is considered together with the relevant constraints governing the replacement 
decision. 
8.3.1 Computer Program to Determine Minimum Equivalent Annual 
Cost and Maximum Equivalent Annual Profit. 
To find the equivalent annual costs and profits for different years of ownerships, a 
computer program was written in Pascal language. The mathematical formulae given 
in Sections 8.4 and 8.5 for equivalent annual ownership, operating and downtime 
costs, and revenues were used in this computer program. The following equations 
show how to combine these mathematical formulae. 
EAC = equivalent annual ownership cost + equivalent annual operating cost 
equivalent annual downtime cost 
EAP = equivalent annual revenue - equivalent annual ownership cost - 
equivalent annual operating cost - equivalent annual downtime cost 
8.3.2 Determination of Marginal Cost and Marginal Profit 
The marginal cost or profit of an equipment item which has passed its optimum life 
can be found using the following mathematical formulae: 
Marginal Cost = (Operating cost + Downtime cost + Overheads + Replacement 
cost for the next year) 
+ (Resale value now) * (1+i) 
- (Resale value at the end of the next year) 
Marginal Profit = (Revenue - Operating cost - Downtime cost - Overheads 
- Replacement cost for the next year) 
- (Resale value now) * (1+i) 
+ (Resale value at the end of the next year) 
where 1 is the interest rate used for discounting. 
The effects due to other factors such as tax and overhauls could also be included in 
the above formulae. 
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8.4 OWNERSHIP COSTS 
Ownership costs are basically the depreciation cost and the cost of investment. The 
other fixed costs such as insurance, administration overheads and taxes could also be 
included in this category. If the inflation of the equipment prices should be 
considered in the replacement study then the replacement cost of equipment should 
also be included in the ownership costs (Peurifoy & Ledbetter, 1985). The annual 
replacement cost is the extra cost added to a piece of equipment as a result of keeping 
it for one more year-, this is caused by the purchase price increase of new machines 
due to inflation. The annual replacement cost is equivalent to the increase in the 
purchase price of new equipment within a period of one year (Schexnayder & 
Hancher, 1981). 
In determining plant hire rates and for tax purposes, the depreciation cost is usually 
calculated using standard depreciation methods such as the straight line or the 
declining balance method (Harris & McCaffer, 1982). However, in the replacement 
analysis the depreciation should be determined using the predicted resale values of 
equipment in future. The resale value usually decreases with use, and the actual 
pattern of this decline for a particular type of machine should be found from historical 
records and the current market values. 
The following formula could be used to calculate the ownership cost of a piece of 
equipment: 
Equivalent Annual Ownership cost for n years ownership = 
(CRF)n* (Purchase Price)o - (CRF)n* (PWF)n* (Resale Value)n 
+ (CRF) 
n (Replacement 
+ 
Insurance, 
nY 
I(PYrF)i 
cost Overheads etc. 
), I 
I=1 
where CRF is Capital Recovery Factor, PWF is Present Worth Factor and the 
subscripts 0, n and I represent the corresponding cost items in year zero, year I and 
year n respectively. If the ownership costs vary with the type of work done, then 
equivalent annual ownership cost for all such work tasks should be found. 
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If overhauls of equipment are undertaken at every t years, irrespective of the hours 
worked by the machine, the costs due to these could also be considered as an 
ownership cost. However, if these overhauls are determined by the mechanical 
performance of equipment then the cost can be considered as a repair cost; it is up to 
the analyst to decide in which category the overhead cost should be included. 
If this cost is included in the ownership cost category then the following additional 
term is needed in the ownership cost formula: 
(CRF) 
n* 
(PWF),, * (Overhaul cost),, 
where tl is the time when the first overhaul is carried out and this should be less than 
the number of years of ownership n. If t] is greater than n, then this term should be 
ignored. Also if there are second and third overhauls being carried out within the 
ownership period n then these should also be considered. 
The tax effects could also be included in the formula given above. 'Me effect9 to be 
considered are (1) annual tax saving resulting from the method of depreciation , and 
(2) tax on the capital gained by selling a piece of equipment at a higher price than the 
Book value. 
Ile insurance premium for each year could be a percentage of the original purchase 
price. Overhead costs are usually subjective and determined by the management 
depending on the revenue, age etc. of a piece of equipment 
Tax benefits, insurance and overheads are considered as annual costs, hence before 
calculating the equivalent annual costs, these should be converted to present worth by 
multiplying with appropriate present worth factors. 
The future purchase values of new machines should be forecasted after considering 
the inflation of equipment prices; how to calculate this was described in Section 8.2. 
'Me resale values should also be to predicted for future before determining the EAW. 
The best way to do this is by collecting historical data on prices of equipment sold 
previously, together with corresponding inflation rates and the current market values. 
Table 8.3 shows the resale values for a JCB loader/backhoe estimated by the 
equipment manager of a British plant company. 
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The resale values of the present machines are all in future terms, therefore these have 
to be converted into present worth terms by multiplying with PWF for each year. 
Then these present values are multiplied by CRF to find the equivalent annual values. 
The purchase price of the present machine is the actual purchase price in the case of a 
new piece of equipment and the market value in the case of a used item of equipment. 
These need not be multiplied by PWF values as they are already in present worth 
terms. The equivalent annual value is found by simply multiplying with CRF for 
different ownership periods. 
Table 8.3 Estimated Resale Values for a JCB Loader/Backhoe 
At the End of Year Resale Value b 
W 
Purchase Price 23000 
1 16100 
2 13800 
3 11500 
4 9200 
5 6900 
a Source: Case Study (Chapter 9) 
b All the value are in 1990 terms 
8.5 OPERATING COST, DOWNTIME COST AND REVENUE 
Operating cost, downtime cost and revenue are included in the same section as they 
are all related to usage of equipment. They are variable costs because, the greater the 
usage of machine the greater are the values of these and vice versa. 
8.5.1 Operating Cost 
Operating cost includes repair and maintenance costs, operator costs and fuel costs. 
It is arguable that the costs such as operator costs and fuel costs should not be 
included in operating costs in the replacement analysis to determine the optimum age, 
as they are likely to remain constant for a particular item of equipment irrespective of 
its age. However, if the obsolescence factor is considered in the analysis, the above 
costs should also be considered. Obsolescence is the fact that the unit operating costs 
of newer machines are less than those of the older machines due to technological 
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improvements. Iberefore, these costs are important in evaluating alternatives to the 
existing equipment. 
8.5.1.1 Fuel and Operator Costs 
Fuel costs could be calculated for each year of use based on historical data or 
operating manuals supplied by equipment manufacturers. Although, the fuel costs 
are likely to be constant for a particular item of equipment, there is a slight increase in 
the fuel consumption as the equipment becomes older, therefore, it is more Accurate to 
determine the fuel costs from the historical records rather than from equipment 
manuals. 
The operator costs are simply found from the historical records and the trends in the 
current rates in the industry for different types of equipment. 
8.5.1.2 Maintenance and Repair Costs 
Some equipment companies keep records of maintenance and repair costs together. 
These costs can be expected to significantly increase as a piece of equipment becomes 
older. Jurecka (1978) has shown how the repair costs increase with the age for 
different types of equipment such as bulldozers (crawler tractors), loaders on chains 
(crawler loaders) and loaders on wheels (wheel loaders). The variation of cumulative 
repair cost takes the form of the following equation: 
K= at 
3+ bt 2 
REE 
where KR is the cumulative repair cost per unit horse power of equipment, tE is the 
cumulative use in 1000 hours and, a and b are constants decided by the type and size 
of equipment. 
The equipment data of the Case Study presented in Chapter 9 show similar variations 
of the maintenance and repair costs with the age of equipment items. The relationship 
between the maintenance and repair costs and the age of equipment can be given by 
the following equation (Appendix F): 
Mc = ax 
3+ bx 2+ cx +d 
where Mc is cumulative maintenance and repair cost, and x is the age of the 
equipment item in months. However, the above equation does not hold for very small 
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values of x (ie. when x<6 months). The constants a, b, c and d depend on the type 
of equipment. 
The maintenance and repair costs may also vary with: 
(a) The type of work for which the equipment is being used (includes the 
operating conditions). 
(b) The make and the size of equipment. 
(c) The operator's knowledge, ability etc. 
(d) The degree of maintenance carried out. 
Both Jurecka (1978) and Cox (1969) found that repair costs vary in relation to the 
nature of the type of work done by the equipment. For example, a Crawler Tractor 
ripping hard rock may give higher repair and maintenance costs than those of an 
identical machine of the same age used for comparatively light work such as stock 
piling or site clearing. However, for a single equipment company it is extremely 
difficult to collect maintenance and repair costs in relation to different working 
conditions. 
These costs are also related to the make and size of equipment. Certain makes of 
equipment are considered to be more reliable and robust than other makes. The 
questionnaire survey (Chapter 2) showed that some companies prefer to buy certain 
makes because of their mechanical robustness. Usually mechanically robust 
equipment have low breakdown frequencies, and therefore give low repair costs. 
The operator's ability, knowledge and attitude indirectly affect the maintenance and 
repair costs, howeverthis factor is extremely difficult to quantify, hence, it cannot be 
considered in the replacement analysis. 
Obviously, the degree of maintenance has a great effect on the repair and 
maintenance costs. A good preventive maintenance policy can minimise the number 
of unexpected equipment failures (Chapter 3) reducing the repair costs; however, this 
may increase the maintenance costs. 'Merefore, the total maintenance and repair costs 
vary with the maintenance policy and in turn they vary from one equipment company 
to another. 
Considering the factors mentioned above it is seen that the best way of determining 
ma . intenance and repair costs is by using company's own historical records. 
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Empirical methods proposed by researchers like Jurecka (1978) and Nichols (1961) 
should only be used when there are no historical data available. 
To determine the equivalent annual operating cost of a piece of equipment, the 
variation of these cost with the equipment age should be found. The best way of 
doing this is to draw the curve of cumulative operating cost vs. the age of equipment. 
Figure 8.2 shows the average cumulative operating cost (maintenance/repair cost) vs. 
age curve for a group of JCB loader/backhoes. 
The following equation could be used to determine the Equivalent Annual Operating 
cost for different years of ownership: 
n 
E. A. Operating cost (CRF)n (PWF)I (Operating cost), 
for n years of ownership 
where, CRF and PWF have the usual meaning, n is the ownership period and I 
represents age and takes values from I to n.. If the operating costs vary with the type 
of work task done, then the equivalent annual operating costs for all such tasks 
should be found. 
10 40 50 
Age in Months 
20 30 
Figure 8.2 Cumulative Maintenance Cost vs. Age for Loader/Backhoes 
Source: Case Study (Chapter 9) 
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8.5.2 Downtime Cost 
In Chapter 5, it was shown that there is a relationship between the failure rate and the 
age of equipment. According to this when a piece of equipment becomes older the 
failure rate increases, therefore, downtime cost of the equipment also tends to 
increase with the age. 
Downtime cost depends both on the failure rate and the type of work for which the 
equipment is being used. Vorster and Sears (1987) are probably the first to introduce 
a scientific method to calculate the downtime cost of equipment used in different 
work assignments. In their method, the number of failures during a certain period of 
operation and the average downtime are calculated for each item of equipment 
considered in the replacement analysis. 'Men using the Failure Cost Profile (Section 
3.3.8) for diff6rent work tasks (assignments) the downtime cost of each equipment 
item is determined. 
Cox (1971) suggests a method to determine downtime costs of a broken down 
machine using the operating costs of both this machine and the idling equipment 
which are served by the machine. This method has short comings as the equipment 
served by a particular item of equipment are not always the same and also the method 
does not consider the construction work being carried out at all. Peurifoy and 
Ledbetter (1985) give percentage values of the operating cost of equipment as the 
downtime cost for a piece of equipment depending of the age. However, they do not 
consider the variation of downtime with the work task being done. 
Considering all the methods available so far, the following procedure seems most 
suitable for determining the downtime cost of equipment: 
(Downtime Cost), = (Mean Failure Frequency), *(Mean Downtime), * 
(Estimated Average Unit Downtime Cost) 
where, I is the age of equipment and the Average Unit Downtime Cost is estimated 
from the company's historical records. It should include all the consequential costs 
such as (1) loss of production of the equipment considered; (2) loss of production 
due to other equipment working in same fleet; (3) cost due to delay of construction 
work ; (4) additional costs due to remedial actions such as hiring external equipment 
etc. 
Equivalent Annual Cost of Downtime could be found by: 
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n 
.., 
(PWF), (Downtime Cost), E. A. Downtime Cost (CRF)n 
for n years of ownership 
where n is the ownership period considered and I is the age of equipment which can 
take values from 1 to n.. As the downtime cost varies with the work task being done, 
the equivalent annual downtime cost should be found for all such work tasks. 
8.5.3 Revenue 
Revenue is directly related to the usage of equipment. Even if the demand for an 
equipment item remains constant, the availability of the equipment may decrease with 
age. The reduced availability is mainly due to the increased downtime of equipment. 
Therefore, the revenue from a piece of equipment is not constant through out its life. 
In the case of plant hire companies the revenue may also depend on the equipment 
hire rate in the market. Figure 8.3 shows the variation of revenue with the age for 
Caterpillar wheel loaders in a British plant hire company. 
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Figure 8.3 Annual Revenue vs. Age for Wheel Loaders 
Source: Case Study (Chapter 9) 
The equivalent annual revenue could be determined using the following formula: 
n 
E. A. Revenue for n (CRF)n 
1: (PWF), (Revenue), 
years of ownership I=I 
where n is the period of ownership and I is the age of equipment which can take 
values from 1 to n.. 
189 
8.6 PARAMETERS IN CONSTRAINTS 
In the capital resources constraint, the only input parameters are the resale values of 
existing equipment and the purchase prices of new equipment. 711ese are obvious and 
need not be explained in detail. 
Among the other constraints, the maintenance resources and the utilisation or work 
requirement constraints are discussed here to give a clear understanding of how they 
could be applied in the ILP replacement model. All other constraints including non- 
negativity and zero-one constraints are quite straight forward, hence they are not 
explained in this section. 
In the work requirement constraints, the availability or the number of hours available 
per year of equipmen!, is a very important parameter. As mentioned earlier the 
availability (Ai and A'j) tend to decrease with the age of equipment due to increased 
rate of failure. 
Table 8.4 shows the average availability data of Scrapers obtained from a plant 
company in the USA. 
Table 8.4 Availability of Caterpillar Motor Scrapers a 
Years of Life Average Annual 
Availability (Hours) 
1 1750 
2 1500 
3 1200 
4 1100 
5 1050 
6 950 
7 800 
8 700 
9 600 
Source: Schrader, (1971) 
The demand or the work requirement (WO of equipment is another important 
parameter. For a contracting company this parameter has to be estimated by 
forecasting the future work requirement for a particular type of equipment. This is 
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difficult, but could be done by considering the previous utilisation records, the work 
at hand and the future contracts the company expects to win. For a plant hire 
company the only way to determine the demand for its equipment may be through the 
its market share or the business target of the company. For'example, the company 
considered in the case study presented in Chapter 9, has its business target to achieve 
at least 60% overall utilisation of equipment . The work requirement could be 
calculated by multiplying the utilisation of a particular type of equipment with both 
total number of machines and the scheduled working time per year. The actual 
utilisation figures for some equipment items of this company are given in Table 8.5. 
Table 8.5 Utilisation of Different Equipment Groups a 
Equipment Utilisation in Year (%) 
Group 
_ 
1989 1988 1987 1986 
Wheel Loaders 74.08 80.17 - 89.59 
(Cat 936) 
Crawler Loaders 73-23 80.94 82.49 
(Cat 943) 
Hyd. Excavators 70.11 69.00 87.19 
(180' - JCB 3C) 
Dumpers 71.62 74.28 81.36 
(Benford 2T) 
Cranes 97.04 97.22 
(PPM 280) 
93.06 
Road Roller 75.77 76.29 
(BW 212) 
a Source: Case Study (Chapter 9) 
78.62 
Therefore, the total future demand for this equipment group could be predicted from 
the historical utilisation records which would be more accurate than the target value of 
60%. 
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'Me other important constraints are those due to limited maintenance facilities in the 
company. The first step is to find the weekly or monthly requirements of 
maintenance facilities for each equipment item in the company. This necessitates a 
well maintained record-keeping system which is absent in most of the plant 
companies. 
These constraints also need maximum limits of the maintenance facilities available in 
the company. In case of repair personnel the maximum or upper limit would be the 
total number of repair man-hours available in a given period (this is given as RepH in 
the model described in Chapter 7). However, this maximum number of repair man- 
hours should be multiplied by the appropriate utilisation factor (UF) in order to 
account for the idling of repair staff due to the unpredictable nature of equipment 
failure. 
8.7 SUMMARY 
The process of comparing equipment alternatives in the replacement analysis and the 
determination of input parameters were described in this chapter. The proposed 
method of economic comparison involves the equivalent annual and the marginal 
value concepts of costs and profits due to both existing (defender) and new 
(challenger) equipment. 
Unlike the previous replacement models, the replacement analysis presented in this 
chapter and the previous chapter can incorporate the effects due to all the influencing 
factors such as time value of money, inflation, obsolescence, tax effects and 
downtime costs; and the conditional factors such as equipment availability, work 
requirement, capital resources and maintenance facilities available in a plant company. 
Mathematical formulae were given for determining the input parameters needed for 
the objective function of the ILP replacement model; and how to determine the 
parameters in the constraints were also described. 
192 
CHAPTER NINE 
VALIDAMON OF THE MODELS 
9.1 Introduction 
9.2 Validating a Mathematical Model 
9.2.1 Validation Procedure for the Maintenance Model 
9.2.2 Validation Procedure for the Replacement Model 
9.3 Validation of the Maintenance Model 
9.3.1 Verification of the Model 
9.3.2 Introduction to the Case Study 
9.3.3 Validation of the Input Parameters used in the Model 
9.3.4 Validation of the Input Parameter Generators 
9.3.5 Comparison of the Model and Actual Outputs 
9.3.5.1 Required Number of Replications 
9.3.5.2 Comparison of the Model and Actual Downtimes 
9.3.6 Optimum Size of the Repair Crew 
9.3.7 Sensitivity Analysis 
9.4 Validation of the Replacement Model 
9.4.1 Introduction to the Case Study 
9.4.2 Application of the Model to the Case Study 
9.4.3 Sensitivity Analysis 
9.4.4 Opinion of the Actual Decision Makers of the Company 
9.5 A Hypothetical Case Study Applied to Both Maintenance and 
Replacement Model 
9.6 Summary 
193 
9.1 INTRODUCTION 
The validity of the maintenance and replacement models, introduced in Chapter 5 and 
Chapter 7, is checked in this chapter. 
The validation of a model in its most general form is to find the agreement between 
the model output and the actual output of the real world system being studied. This 
ensures that a model is reliable, error free, and can be used with confidence to find 
optimum solutions to problems related to the real system. 
The validation procedure for one type of mathematical model may vary from that for 
another model. Therefore, a general introduction to validation of mathematical 
models is given in Section 9.2. Two different validation procedures for the 
maintenance and replacement models are also suggested in this section. 
As the maintenance model consisted of a computer simulation program, a verification 
process was performed in order to make it free of errors. The most important part of 
the validation was the comparison of the actual and model outputs. This was 
conducted using a case study which involved an equipment fleet working in a quarry 
site in Sri Lanka. The validation process also included the determination of the 
optimum size of repair crew for the equipment fleet and a sensitivity analysis. Both 
these verification and validation processes are discussed in Section 9.3. 
The validation of the replacement model involved a case study undertaken with an 
equipment company in the UK. 'Ibis company did not use mathematical replacement 
models to make replacement decisions. In the validation process the optimum 
replacement strategy giving maximum annual profits was found and then the opinion 
of the actual decision makers of the company on the credibility of the model was 
obtained. This also involved a sensitivity analysis to observe the behaviour of the 
optimum solution with respect to changes made in certain input parameters. This 
validation process of the replacement model is described in Section 9.4. 
A hypothetical case study, applied to both maintenance and replacement model, is 
described in Section 9.5. This example shows how to use information obtained from 
the maintenance model in the replacement model. It also illustrates how to apply the 
replacement model in a cost minimisation situation. 
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9.2 VALIDATING A MATHEMATICAL MODEL 
According to Fishman & Kiviat (1967), validation of a mathematical model is: 
'The process of testing the agreement between the behaviour of the model 
and the real world system being modclled'. 
How to measure the validity of a model mainly depends on the following factors 
(Gass, 1983). 
(1) The real world aspect being analysed. 
(2) The type of model being used. 
For example, models representing on-going physical systems can be validated 
physically, that is, results can be shown to work within the real world environment 
(Emshoff and Sisson,. 1970). In such cases, the output or data generated by the 
model can be checked against those produced by the real world system. But for 
policy analysis models of nonexistent systems or models for future-oriented 
situations, there exists no past data to compare with the model results. For such first- 
time or futuristic models the validity is superseded by the model credibility (Emshoff 
and Sisson, 1970). 
Gass (1983) suggests the following procedure for validation of a first-time or 
futuristic model (a model of a non-existing system or one that makes assumptions 
about the possible states of future): 
(1) Face validity or expert opinion: Is the initial impression of the model's 
realism positive when reviewed by decision makers who know the 
system being modeled? Is the model credible? 
(2) Variable - parameter validity or Sensitivity analysis: How do the model's 
variables and parameters compare with their assumed counterparts in the 
real world? As data are changed, how are outputs affected? 
(3) Hypothesis validity: Do pair-wise or higher level relationships 
correspond to similar relationships in the real world? Do the sub-system 
models interact in a realistic fashion? 
According to Gass (1983), the above procedure is applicable to all types of models. 
However, models of real systems (on-going physical systems) can be subjected to 
additional tests. As mentioned earlier, one such test would be the comparison of the 
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model output and the actual data acquired from the real system. Shannon (1975), 
Law & Kelton (1981) and many others describe standard statistical procedures for 
hypothesis testing and estimation that can be used for validating a model representing 
a real system. These procedures include tests of means, analysis of variance, 
goodness of fit, regression and correlation analysis, confidence interval etc. 
Mathematical models are often in the form of computer programs. One special area 
of validation for computer-based models is verification, which the process of testing 
the programs to see whether they perform as expected (Finlay, 1985). Therefore, 
verification is the debugging process of programs. However, it is not concerned 
with the appropriateness of the relations that make up the model, only with whether 
the translation of the relationships into a computer representation has been done 
correctly. 
9.2.1 Validation Procedure for the Maintenance Model 
The maintenance model is mainly a computer program to simulate the equipment - 
repair crew system of a plant company, which can be considered as a physical 
system. Therefore, the validation procedure suggested by Gass (1983), including 
matching of model output and actual data, can be used to validate the maintenance 
model. As this model includes a computer program, verification should also be done 
to check whether or not the model has been properly programmed. 
The complete validation procedure used for the maintenance model is given below: 
(1) Verification: to check the programn-dng of the model. 
(2) Validation of input parameters: to check whether they have reasonable 
values. 
(3) Validation of random number generators: to check the mathematical 
relationships in the model correspond to similar relationships in the real 
world. 
(4) Validation of the overall simulation model: matching of the model and the 
actual data. 
(5) Determination of the optimum repair crew size. 
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(6) Sensitivity analysis: to see how the outputs are affected when the inputs 
are changed. 
9.2.2 Validation Procedure for the Replacement Model 
Unlike the maintenance model , the replacement model is a policy analysis model for 
a future-oriented situation. In the model, costs or profits of different equipment 
alternatives are compared with those of the existing equipment. There are real data 
available about the costs or profits of equipment alternatives not yet implemented, 
hence, there is nothing to compare with the model outputs. 
Therefore, as mentioned in the first part of Section 9.2, the validation of the 
replacement model is in fact a test for credibility. Considering the validation steps 
suggested by Gass (1983) for first-time or futuristic models, the following procedure 
was selected for validating this model: 
(1) Hypothesis validity: validation of mathematical relationships in the model; 
to check each part of the model individually and in conjunction with 
other interacting parts to see whether the mathematical relationships in the 
model correspond to similar relations in the real world. (Hypothesis 
validity was considerd as a part of the model construction. The validity 
of the components were checked whether they represent the reality being 
modelled. The complete model was later shown to experts to get their 
opinion). 
(2) Application to a case study and to find the optimum solution. 
(3) Sensitivity analysis: to observe how the recommended solution of the 
model changes when the values of the model parameters are changed. 
(4) Opinion survey of the actual decision makers of the company, used in the 
case study, on the model and its output. 
Verification of the replacement model was not performed, as the integer linear 
programme used was a software package. However, testing and debugging of other 
computer programs used for determining input parameters was done to check 
whether they were operating as intended. 
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9.3 VALIDATION OF THE MAINTENANCE MODEL 
The validation of the maintenance model was undertaken by applying it to an actual 
case study. Before applying the model to this case study, it was checked for any 
errors in the computer program and this is discussed under the verification process 
presented in Section 9.3.1. 
9.3.1 Verification of the Model 
The purpose of verifying the simulation model was to determine whether or not the 
model has been properly programmed. The verification test was carried out as a part 
of the program debugging process. There were different verification procedures 
adopted by different modellers to verify their simulation models, however, according 
to Payne (1982) any standard procedure for debugging computer programs could be 
applied to verify a computer simulation model. 
Therefore, to verify the maintenance model , the procedure suggested by Bratley, 
Fox & Scharage (1987) was used. This procedure consisted of five types of 
verification test; all these tests were performed on the simulation model as described 
below. 
(1) Manual verification of logic: 
'Me model was run for a set of given input variables, for a short period by computer 
and the model output was recorded. Then the model was solved manually using the 
same input parameters and the machine output and the manual output were compared. 
This showed that there was no difference between the two sets of results. 
(2) Modular testing: 
Each sub-routine was checked individually whether it produced sensible output for 
all possible input parameters. 
(3) Check against known solutions: 
In the maintenance simulation model, the failure rates of equipment were exponential 
with different mean values and the repair times were distributed according to the 
Weibul distribution. The model was adjusted such that all failure rates of equipment 
were exponential with the same mean. Also, the repair times were adjusted to give a 
similar Exponential distribution but with a different mean value. No priority rules or 
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other delays were introduced into the model. Therefore, the adjusted model was 
assumed to represent a usual queuing model with Poisson arrival rates and negative 
exponential service times. The model was then run on the computer and the output 
was compared with that obtained using the Queuing Theory. This analysis showed 
that there was no significant difference between the model results and the theoretical, 
results. 
(4) Sensitivity analysis: 
Each input parameter was varied while keeping all the others fixed and output was 
checked to see whether the behaviour of the model was sensible. 
(5) Stress testing: 
Ile input parameters were set to strange values and it was checked if the model failed 
in an understandable fashion. This test was performed because some of the bugs 
which were most difficult to locate might only have shown up under stress. 
The errors found in the above verification process were rectified immediately and the 
model subjected to each test again. The tests done on the final model showed that the 
computer simulation program was completely free of any errors or bugs. 
9.3.2 Introduction to the Case Study 
The site chosen for the case study was a quarry supplying limestone for a cement 
factory. Both the quarry site and the cement factory were situated in the North- 
Western province of Sri Lanka. The work being done at the quarry included 
removing of Red-earth overburden and ripping of soft limestone underneath. The 
ripped limestone, is then transported to stock piles about one kilometre away from 
the quarry. 'Men, the limestone is loaded on to rail wagons to be transported to the 
cement factory about 25 miles away from the quarry site. Figure 9.1 shows the main 
operations carried out at the quarry. 
For the four activities given in Figure 9.1, the following equipment were being used 
at the time of study. The equipment was selected by the quarry management such 
that they would operate without any idling during the shifts. 
(1) Removal of overburden: 
- one crawler tractor 
- two motor scrapers 
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(2) Ripping of limestone: 
- one crawler tractor 
(3) Transporting limestone from quarry to the loading point: 
- one wheel loader 
- three dump trucks 
- one motor grader (maintaining haul roads) 
(4) Loading limestone to wagons: 
- one wheel loader 
- one crawler tractor 
Removal of 
Over-burden 
Ripping 
Limestone 
Transporting 
Limestone from 
Ouarry to 
Loading Area 
T 
Figure 9.1 The Main Operations Carried Out at the Quarry 
Loading Limestone 
to Wagons 
Two motor scrapers removed the Red-earth overburden of varying depth up to the 
level of the limestone bed and a crawler tractor was used for push loading the 
scrapers. The exposed limestone bed was ripped using another crawler tractor; 
sometimes ripping was supplemented by blasting of limestone. The limestone was 
loaded on to the dump trucks by a wheel loader at the ripping point to be transported 
to the stock piles. The wheel loader at the stock pile loaded the limestone to the rail 
wagons and the crawler tractor was used for stock piling and keeping the loading 
area clean. Maintenance of the haul roads at the quarry site was done by the motor 
grader. 
Ile workshop of the quarry site was situated close to the loading point, where all the 
shop repair works were performed. Most of the small repairs were performed in the 
field and pick-up trucks were used for transporting the repair crew to the site. 
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9.3.3 Validation of the Input Parameters used in the Model 
The simulation model was built on the assumptions made in'Chapter 5 regarding the 
failure rates and the repair time distributions of construction equipment. The failure 
rates were assumed to be Negative Exponential and the repair times were considered 
to take the Weibul distribution. However, as a further confirmation of these 
assumptions all the input parameters (both failure probability and repair time 
distributions) obtained for the case study were statistically checked against the 
assumed distributions. The test performed was the Chi-Square goodness of fit test at 
the 5% significance level. 
The same test was performed for the repair time distributions. Here, the repair times 
of some similar equipment appeared to have same statistical distributions; these 
distributions were, therefore added together to make bigger samples before the tests 
were done. All equipment passed the tests at the 5% significance level. 
9.3.4 Validation of the Input Parameter Generators 
The random number generating algorithms in the simulation program produce input 
parameters such as failure times (TTF)* and repair times (TTR) for different 
equipment. 'Merefore, each input parameter generating algorithm is a mathematical 
relationship between input variables which are assumed to represent similar 
relationships exist in the real maintenance system. It was necessary to check whether 
the above assumption was valid. 
NUtrani (1982) suggested that one of the two statistical tests, Chi-Square test and 
Kolmogorov-Smirnov test, could be used for comparing actual data and 
corresponding distributions given by random number generators in a computer 
program. Therefore, the Kolmogorov-Simirnov two sample test was selected for this 
purpose. 
In the tests, each input parameter algorithm was run on the computer separately and a 
set of input parameter values was obtained. These were then statistically compared 
with data samples taken from both failure time and repair time distributions and the 
corresponding significance levels were found. 
201. 
The results given in Table 9.1 suggest that the significance levels achieved in the tests 
satisfied the 5% significance level, therefore, the distributions generated by the 
computer algorithms were the same as the real equipment data (The tests were 
performed using the Statgraphics software package). 
It was not possible to perform the Kolmogorov-Smirnov test on discrete parameter 
distributions. Therefore, the delay-time distribution generated by the computer 
program was tested using the Chi-Square test, which showed that at the 5% 
significance level, generated and actual data were the same. 
Table 9.1 Statistical Tests for Input Parameter Generators 
II Equipment I Failure Time Generators I Repair Time Generators 
Type I Mean K-S Test I Scale 
1. Crawler Tractor 
2. Crawler Tractor 
3. Crawler Tractor 
4. Motor Grader 
5. Motor Scraper 
6. Motor Scraper 
7. Wheel Loader 
8. Wheel Loader 
9. Dump Truck 
10. Dump Truck 
11. Dump Truck 
I 
(Hours) (5% Sig. Lev. A Factor 
102.7 
39.3 
27.5 
25.7 
25.4 
40.0 
45.3 
50.1 
58.2 
70.2 
65.7 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
4.2 
Shape K-S Test 
Factor (5%Sig. Lev. ) 
1.014 yes 
8.1 0.907 yes 
9.1 1.104 yes 
5.3 1.248 yes 
8.8 1.106 yes 
8.4 1.131 yes 
8.8 0.890 yes 
4.7 1.089 yes 
2.9 1.062 yes 
2.9 1.062 yes 
2.9 1.062 yes 
202 
9.3.5 Comparison of the Model and Actual Outputs 
This is the most important part of the validation process of the maintenance model. 
The main output of the model was the equipment downtimes due to lack of repair 
personnel to carry out repair. As mentioned in Chapter 4, this output was necessary 
to establish the required relationship between equipment downtime and size of the 
repair crew. Due to the stochastic nature of the inputs used in the model, the output 
could also show statistically distributed values rather than fixed values for the 
downtime of equipment. Therefore, the comparison of model and actual downtimes 
was done by using a statistical test. This test is discussed in Section 9.3.5.2. 
Prior to the comparison of the model output and the actual data for equipment 
downtime, it was necessary to find how many replications to be performed. Section 
9.3.5.1 describes how the required number of replications were determined. - 
9.3.5.1 Required Number of Replications 
A test run done on the simulation model showed that the outputs for downtime of 
each equipment item were distributed according to the Normal distribution. For 
normally distributed parameters Schmidt and Taylor (1970) suggest the following 
formula to determine the number of samples (replications) needed to achieve a 
prescribed accuracy: 
(I 
-a/2 n=- 
d2 
where: 
n sample size 
(Y= standard deviation of the population 
d required accuracy 
Z 1-a/2 = standard normal statistic with confidence interval 1-cV2 
cc = significance level 
The required accuracy was arbitrarily selected as +10% or - 10% of the mean 
downtime obtained from the test runs. This accuracy was thought to be sufficient as 
the equipment downtime cannot be predicted precisely. The reason for this is the 
large number of intagible factors involved with equipment downtime. 
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For + or - 10% accuracy the value of d in the above equation becomes 1/10 times the 
mean downtime observed from the test run. The value of (y can be considered as the 
standard deviation obtained from the same test run. 
In the case study, the actual number of people in the repair crew was 10; however, 
considering the absenteeism of repair personnel, the total number of repair staff could 
be assumed as 9. Therefore the value of a was calculated for this size of repair 
crew. The significance level (a) was taken as 5% and the value of a was calculated 
accordingly. 
A test run of 15 replications was performed to find the mean downtimes and standard 
deviation for the equipment. Different equipment of the fleet gave different mean 
downtimes and standard deviation values. Therefore, the number of replications 
needed to obtain the required accuracy was found by calculating this for all the 
equipment. The maximum number of replications was given by a piece of equipment 
with mean downtime equal to 70.9 hours and standard deviation of 21.6. 
mean downtime = 70.9 hours 
d=0.1 * 70.9 =7.09 
a= 21.6 
z1 
-W2 
= 1.96 (from tables for standard normal distribution) 
(21.6)2 (1.96)2 
= 35.7 
(7.09) 2 
Therefore, to achieve an accuracy of + or - 10% of the mean downtime, at least 36 
replications are required. The results given in the next section were obtained after 
performing the simulation for 40 replications for each size of repair crew. 
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9.3.5.2 Comparison of Model and Actual Downtimes 
As downtime is the main dependant variable of the maintenance model, the 
comparison of the model and actual downtimes is the most important part of the 
validation process. 
The visual inspection of model and actual downtimes showed that the actual 
downtimes had both higher and lower values than the model downtimes. In fact, the 
actual downtimes for six items of equipment gave higher values than the model 
values. Five items of equipment gave lower actual downtimes than those obtained 
from the model and, some of these actual downtimes were considerably low. 
Therefore, on average, actual downtimes were lower than the model downtimes. 
However, this does not mean that the credibility of the model is low because the 
stochastic nature of the input parameters and the effects due to management decisions 
which were not considered in the model could result in higher or lower downtimes 
than expected. For example, overtime working or priority repairs were not 
considered in the case study, because there were no exact data how they would occur 
in real practice. However, during the study period some overtime working was 
done, and on some occasions certain equipment were given priority over others when 
repairs were performed. The effects due to these management decisions could not be 
checked. However, the effects due to stochastic elements could be statistically 
checked for the validity of the model. 
in this statistical comparison, the model and the actual data were considered as two 
samples. The distribution of the data in these two samples were unknown and fitting 
of the data to find the appropriate statistical distributions was extremely difficult as 
the sizes of the sample were relatively small. Therefore, the only possible 
comparative study was that of using one of the non-parametric or distribution free 
statistical methods. The appropriate test can be performed using the Wilcoxon 
Signed Rank Test for Matched Samples (Neter, 1988). A brief introduction to the 
Wilcoxon test is given in Appendix E. 
Table 9.2 shows the actual and model downtimes for each equipment during the case 
study period of 1488 working hours (in eight months). The model downtimes were 
obtained by taking the average values of 40 replications of simulation. The actual 
downtimes were collected for this research with the assistance of the Chief 
Mechanical Engineer of the Aruwakkaru Quarry site. These downtimes represented 
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the waiting time for repairs, time waiting for spare parts or delay and actual repair 
time 
Table 9.2 also gives the differences between the matched downtimes, absolute values 
of these differences, the Ranks and the Signed Ranks. The sum of all Signed Ranks 
is denoted by T and is given at the bottom of Table 9.2. 
Table 9.2 Ac tual anct Mo Cel Downtimes tor hqui ent 
Equipment Model Actual Difference Absolute Rank Signed 
Number Downtime Downtime Difference Rank 
1 71.3 96.0 +24.7 24.7 6 +6 
2 227.5 246.0 +18.5 18.5 4 +4 
3 482.2 397.0 -85.2 85.2 10 -10 
4 433.4 351.5 -81.9 81.9 9 -9 
5 499.3 365.0 -134.3 134.3 11 -11 
6 362.9 337.5 -25.4 25.4 7 -7 
7 207.6 225.0 +17.4 17.4 3 +3 
8 172.6 151.0 -21.6 21.6 5 -5 
9 99.0 113.5 +14.5 14.5 1 +1 
10 82.8 98.0 +15.2 15.2 2 +2 
11 1 89.9 1 127.5 1 +37.6 1 37.6 18 1 +8 
-18 
Here, TID is defined as the mean of population differences (downtime differences). If 
there is no significance difference between the two samples, then the mean of the 
population differences should become zero. 
Therefore, the test alternatives are: 
HO: TID"O (null hypothesis) 
HI : TID 9- 0 (alternative hypothesis) 
As the size of the sample of downtime differences is greater than 10, the sampling 
distribution of T can be assumed to be Normal (Neter, 1988). And, the standard test 
statistic becomes: 
Z* 
T-0 
a(T) 
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where: 
a[T) = 
JýLn( in 
6+ 
1) (2n-+ 
and n= number of elements in each sample. 
Therefore substituting n= 11: 
11 x 12x23 a(T) -6 22.5 
Assuming a risk at 0.05 (95% confidence interval), the critical value of Z* becomes 
1.96 (from tables for standard normal distribution). 
1 
1-18-01, IZ*I=l T- = 0.80 < 1.96 1 2.5 1 
Since Z* is less than 1.96, the null hypothesis is valid. 
'Merefore, with 95% confidence level, there is no significant difference between the 
model and the actual downtimes of the equipment. 
Therefore, the above statistical comparison shows that the simulation model 
represents the actual equipment- repair crew sub-system with a reasonable accuracy. 
Also, as a further test, the actual waiting times for the repair crew and the 
corresponding model values were compared. For a repair crew size of 9 personnel, 
the average actual waiting time was 23 hours and the corresponding model value was 
18.7 hours. Therefore, the model is reliable and it could be used to make optimum 
maintenance decisions regarding the size of the repair crew size of the company 
considered in the case study. 
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9.3.6 Optimum Size of the repair Crew 
In this section the optimum solution for the equipment fleet in the case study is 
presented. The relevant data for the analysis were obtained from the Chief 
Mechanical Engineer of the quarry site. 
As the first step the relationship between the average downtime of equipment and the 
size of repair crew was obtained from the simulation model. The graph of average 
downtime of equipment and the crew size is given in Figure 9.2. The downtime cost 
of equipment was found by multiplying the average downtime of all equipment with 
the hourly profit from the limestone production. In fact, equipment like the motor 
grader and the scrapers were not directly involved in the production of limestone. 
However, these equipment were necessary for uninterrupted production of limestone 
using the other equipment. For example, if the motor scrapers are broken down, then 
the Red-earth over-burden cannot be removed, and this can cause delays in all other 
works. Therefore, it was reasonable to assume that the average downtime of 
equipment represented the actual loss of limestone production due to all the 
equipment. 
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Figure 9.2 The Graph Average Downtime of Equipment vs. Size of Repair Crew 
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The direct cost due to repair crew was found by multiplying the average' wage rate 
per hour by the number of man hours during the study period . The approximate 
value of profit from a Ton of limestone was Rs. 12 and the wage rate was Rs. 15 
per hour ( fl. is approximately equivalent to Rupees 75). If all equipment are 
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working together, the average production rate of limestone was 265 Tons per hour. 
Table 9.3 gives the costs due to downtime of equipment and repair crew. Figure 9.3 
shows the graph of total cost of downtime and repair crew vs. the size of repair 
crew. This graph suggests that the optimum number of repair crew size for 
equipment is nine. The present crew size is ten, however, when the absenteeism of 
repair personnel and inefficient management in the company is considered it seems 
that the existing number of repair personnel need not be changed. 
Table 9.3 Costs due to Repair Crew and Downtime of Equ ment 
Number of People Cost of Downtime Downtime Total Cost 
in the Repair Crew Repair Crew (Hours) Cost 
(Rs. )xIOOO (Rs. )xIOOO (Rs. )xlOOO 
3 67.0 650.2 2067.6 2134.6 
6 133.9 321.7 1023.0 1156.9 
9 200.9 248.0 788.6 989.5 
12 267.8 234.6 746.0 1013.8 
15 334.8 231.9 737.4 1072.2 
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9.3.7 Sensitivity Analysis 
The most important factors in the model were the failure times, repair times and the 
delays due to spare parts, materials etc. Of these factors repair times did not show 
significant variation between different equipment and the delay times were taken as a 
common factor for all equipment. However, failure times showed significant 
variation among different equipment in Chapter 5 and these were found to vary with 
the age of equipment as well. Therefore, it was decided to give more emphasis to 
this factor in the sensitivity analysis. 
As the first step, mean failure times (MTTF) were changed by 5% in both upward 
and downward directions to see corresponding changes in the model downtimes. The 
resulting % change in average downtimes are given Table 9.4. Using these 
percentages, corresponding total downtimes were determined. The graph between 
total downtime and crew size for 5% change in MTTF is shown in Figure 9.4. 
Table 9.4 Percentage Chan 
Number of Personnel 
in the Repair Crew 
3 
6 
9 
12 
15 
9 e in Average Downtime due to a 5% Change in MTTF 
. 'hange in Av. Downtime % Change in Av. Downdme 
+5% Change in MTTF 
I 
for -5% Change in MTTF 
% Change in Av. Downtime 
for +5% Change in MTTF 
-3.8 
-4.1 
-5.4 
-3.7 
-4.3 
+4.2 
+4.8 
+7.4 
+6.8 
+5.5 
The sensitivity analysis was performed for repair times (TTR) for a change of 5% in 
either direction. The resulting % changes in downtimes are given in Table 9.5. The 
corresponding graph of the total cost vs. crew size is shown in Figure 9.5. 
Table 9.5 Percentage Chan 
Number of Personnel 
in the Repair Crew 
3 
6 
9 
12 
15 
ge in Avera g e Downtime due to a 5% Change in TIR 
v. DowntiMe % Change in Av. Downtime 
;e in TTR 
I 
for -5% Change in TTR 
% Change in Av. Downtime 
for +5% Change in TTR 
+6.8 
+5.8 
+4.0 
+3.8 
+3.5 
-3.8 
-5.3 
-4.9 
-4.2 
-3.6 
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It was seen that for the above changes in MTTF and TTR, the optimum solution 
remained constant. The percentage change in downtime due to a 5% change in the 
delay time was similar to that of MTTF, but comparatively low. Therefore, the 
results are not presented here. 
3000 -1 
0 Total Cost (Rs. )xl 000 
-"P-- +5% MTTF 
m -5% MTTF 
aaaI --- -- -II --I 
0369 12 15 18 
Crew Size 
Figure 9.4 Variation of the Total Cost with a 5% Change in MTTF 
2000- 
1000 
3000- 
2000-1 
1000 -ý 
0 
Total Cost (Rs. )xlOOO 
+5% TTR 
-50% TTR 
369 12 15 18 
Crew Size 
Figure 9.5 Variation of the Total Cost with a 5% Change in TTR 
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In addition, the delay times were subjected to another test. The delay time due to 
spare parts etc. can practically occur at any time during a particular repair work; in 
most cases this may occur before the start of the repair and some times during the 
repair itself. Therefore, the position of the delay was changed and the corresponding 
changes in downtimes were observed. It was found that there was no significant 
change in downtime with respect to the exact position of the delay during the repair. 
To check the effects of the priority rules applied in the model, the wheel loader and 
the dump trucks were given higher priority over the other equipment. According to 
the results obtained by the model, the effects due to the priority rule were not 
significant. The reason could be the fact that the priority was always checked only 
before starting a repair and not in the middle of a repair. However, in practice, the 
repair team may stop a repair half way in order to attend to another important 
equipment. But, the repair team may also decide to perform a repair on an item of 
equipment completely before starting a repair on another equipment item irrespective 
of the degree of priority involved with the equipment. This is more frequent in 
shorter repairs than in longer repairs. This type of priority rule could not be included 
in the model as it was not clear how the priority was given in repair works. This also 
explains some of the deviations between the model and the actual downtimes. 
The effects due to overtime working of the repair crew was also explored in the 
sensitivity analysis. Two overtime procedures were adopted in the analysis. Firstly, 
the equipment downtimes were obtained after introducing four hours of possible 
overtime on repairs. Overtime was allowed only if, at the end of each day, the 
remaining work of a particular repair was to be less than four hours. Otherwise, the 
work was postponed to the next day. Secondly, the overtime limit was reduced to 
two hours, but overtime was allowed for any repair which was not completed by the 
end of each day whether or not it could be completed within two hours. The model 
results together with the total cost for both above cases are shown in Table 9.6 and 
Table 9.7. To calculate the total cost the overtime repair labour was added with a rate 
of 1.5 times the normal hourly labour charge. According to these results, the 
optimum crew size remained the same, but the total. costs could be reduced 
dramatically. 
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Table 9.6 Average Downtime and Total Cos t witti Possible Uvertime ot rour tiours 
Number of Personnel Average Downtime Overtime Repair Total Cost 
in the Repair Crew (Hours) Man Hours (Rs)xIOOO 
3 633.5 380.1 2090.0 
6 306.9 482.4 1120.7 
9 233.9 501.6 956.0 
12 221.9 478.2 984.2 
Table 9.7 Average Downtime and Total Cos t with Overtime of Two Hours 
Number of Personnel Average Downtime Overtime Repair Total Cost 
in the Repair Crew (Hours) Man Hours (Rs)xIOOO 
3 532.6 1112.7 1785.6 
6 255.5 1437.3 978.7 
9 208.3 1486.5 896.7 
12 197.9 1473.6 930.3 
In sensitivity analysis, the equipment fleet of the case study was replaced by 
relatively new equipment items and the model downtimes were observed. The failure 
and repair characteristics of the new equipment fleet are given in Table 9.8. The 
results of this study showed that if the equipment were relatively new, the optimum 
repair crew size could be reduced to six personnel. This indicates the influence of the 
MTTF values of individual equipment items on the optimum size of the repair crew. 
The results are shown in Table 9.9. 
Table 9.8 Failure and Rep 
Equipment Number 
and 
1. Crawler Tractor 
2. Crawler Tractor 
3. Crawler Tractor 
4. Motor Grader 
5. Motor Scraper 
6. Motor Scraper 
7. Wheel Loader 
8. Wheel Loader 
9. Dump Truck 
10. Dump Truck 
11 Dump Truck 
air Characteristics of the New Equipment Fleet 
Failure Time 
MTTF (Hours) 
102.7 
111.3 
96.7 
73.3 
67.1 
60.6 
72.3 
74.0 
83.0 
85.0 
80.0 
RepairTime 
Scale Factor Shape Factor 
4.2 1.014 
4.2 1.014 
7.9 0.850 
4.3 1.010 
7.8 0.991 
8.2 0.897 
6.6 1.081 
4.7 1.102 
2.9 1.062 
2.9 1.062 
2.9 1.062 
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Table 9.9 Costs due to Repair Crew and Downtimes of the New Equipment Fleet 
Number of People Cost of Downtime Downtime Total Cost 
in the Repair Crew Repair Crew (Hours) Cost 
3 
(Rs. )xIOOO (Rs. )xIOOO (Rs. )xIOOO 
67.0 156.9 498.9 565.9 
6 133.9 96.2 305.9 439.8 
9 
12 
200.9 91.0 289.4 490.3 
267.8 89.8 285.6 553.4 
Another study was performed in order to see the change in the optimum crew size 
with respect to an increase in the total number of equipment in the fleet. It was 
assumed that the production of the quarry could be doubled if the company bought 
two more wheel loaders, a scraper and three dump trucks. This increased the total 
number of equipment in the fleet up to seventeen. The failure and repair 
characteristics of additional equipment are given in Table 9.10. Equipment 
downtimes were obtained from the model and the total costs of downtime and repair 
crew were calculated. In determining the downtime costs the hourly production of 
limestone was assumed as twice the previous production. The optimum repair crew 
size for seventeen equipment was found as 12 personnel. The downtimes and the 
total costs are shown in Table 9.11. 
Table 9.10 Failure and Rep 
Equipment Number 
and Type 
12. Wheel Loader 
13. Wheel Loader 
14. Dump Truck 
15. Dump Truck 
16. Dump Truck 
17. Motor Scraper 
air Characteristics of the Additional Equipment (New) 
Failure Time 
M17F (Hours) 
72.3 
74.0 
83.0 
85.0 
80.0 
60.6 
Repair T"ime 
Scale Factor Shape Factor 
6.6 1.081 
4.7 1.102 
2.9 1.062 
2.9 1.062 
2.9 1.062 
8.2 0.897 
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Table 9.11 Total Cost due to Seventeen Equipment 
- with Relatively New Equipment 
Number of People Cost of Downtime Downtime Total Cost 
in the Repair Crew Repair Crew (Hours) Cost 
(Rs. )xlOOO (Rs. )xlOOO (Rs. )xIOOO 
3 67.0 695.5 4423.4 4490.4 
6 133.9 317.0 2016.1 2150.0 
9 200.9 212.9 1354.0 1554.9 
12 267.8 188.2 1197.0 1464.8 
15 334.8 183.9 1170.0 1504.8 
Another study was performed to check whether the optimum size of the repair crew 
would change if the additional equipment considered in the previous study were 
equally old as the existing equipment. The failure and repair characteristics of the 
wheel loaders, dump truck and scraper were assumed to have the same values as 
those of the similar equipment already in the company. The MTTF values and the 
scale and the shape parameters of TTR distributions are given in Table 9.12. 
Table 9.12 Failure and Rep 
Equipment Number 
and Type 
12. Wheel Loader 
13. Wheel Loader 
14. Dump Truck 
15. Dump Truck 
16. Dump Truck 
17. Motor Scraper 
air Characteristics of the Additional Equipment (Old) 
Failure Time 
MTTF (Hours) 
45.3 
50.1 
58.2 
70.2 
65.7 
40.0 
Repair Time 
Scale Factor Shape Factor 
8.8 0.890 
4.7 1.089 
2.9 1.062 
2.9 1.062 
2.9 1.062 
8.4 1.131 
The corresponding average downtimes for different repair crew sizes were obtained 
from the model, and the total costs were calculated. The results are given in Table 
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9.13. The optimum crew size for the equipment fleet was found to be 12 personnel. 
Therefore, it is reasonable to conclude that only three more repair personnel are 
required for the additional equipment whether they are relatively new or equally old 
as the existing items. 
Table 9.13 Total Cost due to Seventeen Equipment 
- with Equally Old Equipment 
Number of People Cost of Downtime Downtime Total Cost 
in the Repair Crew Repair Crew (Hours) Cost 
(Rs. )xlOOO (Rs. )xlOOO (Rs. )xlOOO 
3 67.0 791.7 5035.2 5102.2 
6 133.9 382.9 2435.2 2569.1 
9 200.9 249.0 1583.6 1784.5 
12 267.8 213.7 1359.1 1626.9 
15 334.8 204.5 1300.6 1635.4 
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9.4 VALIDATION OF THE REPLACEMENT MODEL 
The validation of the replacement model was done by applying it to an actual case 
study and the validation process is described in the following sections. 
9.4.1 Introduction to the Case Study ' 
The equipment company selected for the case study was a subsidiary of a large 
construction company in the UK. The equipment fleet considered for the model had 
eight groups of construction equipment and the total number of items was 125. 
Historical data were collected for all groups of equipment which covered a whole 
range of equipment lives from one month up to about 6 years. The company had the 
practice of keeping certain items of equipment well beyond the optimum life in order 
to observe the variation of maintenance and repair costs with equipment age. 
Historical data for the last four years were collected and all costs and revenues in 
these data were then converted into 1990 terms using appropriate inflation factors for 
different years. Table 9.14 shows the number items in each group of equipment 
considered in this case study. Details of these items of equipment are given in 
Appendix F. 
Table 9.14 Equipment Fleet Considered for the Model 
Equipment Group Number of Equipment 
Cat 943 (Crawler Loader) 15 
Cat 936 (Wheel Loader) 4 
JCB 3C (Loader/Backhoe) 15 
Akerman HIO (3600 Hyd. Excavator) 3 
JCB 814 (3600 Hyd. Excavator) 15 
Liebherr 900 (Rubber Tyred Hyd. Exc. ) 6 
PPM 280 (Crane) 8 
Benford 2T (Dumper) 59 
The data collected for the equipment included: 
1. Purchase prices of equipment. 
2. Repair and Maintenance costs. 
3. Overhead costs. 
4. Availability of equipment. 
5. Annual utilisation for different equipment groups. 
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6. Number of equipment owned by the company in different years. 
7. Inflation rates for equipment prices, maintenance and repair costs and 
revenues during different years. 
8. Revenues of equipment. 
9. Resale values of equipment at different ages. 
10. Expected rate of return of the company. 
Certain important data such as the variations of maintenance and repair cost, revenue, 
resale value and availability of equipment against age are presented in graphical form 
in Appendix F. 
9.4.2 Application of the Model to the Case Study 
As the company selected hired its equipment both externally and internally to the 
parent company, the most suitable replacement model is that for profit maximisation 
for a fleet of equipment. 
Figure 9.6 Equivalent Annual Profit Curve for a New JCB 3C Loader/Backhoe 
The input parameters for the objective function were obtained either by taking the 
maximum equivalent annual or marginal profit values as explained in Chapter 8. The 
, cash 
flows were discounted using a minimum rate of return of 15 % required by the 
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company management. Figure 9.6 shows the equivalent annual profit curve for a new 
piece of equipment. For equipment which have passed their optimum lives, the 
marginal profits were determined. The parameters considered in the constraints 
included capital available, work demand for equipment, availability of equipment and 
the maximum number of equipment required by the company. 
For convenience, the variables given in Table 9.15 were used to represent different 
equipment items. Of these variables, NA, NB, NC, ND, NE, NF, NG, NH and HI 
to H13 were general integer variables which could take an integer value subject to the 
given constraints. All the other decision variables were zero-one variables which 
could only take either zero or one. 
Table 9.15 Variables used for Equipmcrit 
Equipment Group 
Group A: 
Cat 943 
(Crawler Loader) 
Equipment Age 
Variable (Months) 
Al 
A3 
A5 
A7 
A9 
All 
A13 
A15 
43 
35 
28 
21 
20 
10 
7 
6 
Equipment Age 
Variable (Months) 
A2 
A4 
A6 
A8 
A10 
A12 
A14 
NA 
35 
35 
28 
20 
10 
9 
6 
New 
----------------------- I --------------------------------- , -------------------------------- 
Group B: 
Cat 936 
(Wheel Loader) 
Bl 58 
B3 22 
NB New 
B2 55 
B4 21 
----------------------- I 
--------------------------------- t -------------------------------- 
Group C: 
JCB 3C 
(Loader/Backhoe) 
cl 68 
C3 41 
C5 36 
C7 33 
C9 33 
Cil 31 
C13 31 
C15 29 
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C2 46 
C4 37 
C6 36 
C8 33 
clo 31 
C12 31 
C14 30 
NC New 
Table 9.15 Continued. 
Equipment Group 
Group D: 
Akennan HIO 
(Hyd. Excavator) 
Equipment Age 
I. - 
Variable (Months) 
Dl 46 
D3 21 
Equipment Age 
Variable (Months) 
D2 43 
ND New 
Group E: 
JCB 814 
(Hyd. Excavator) 
----------------------- 
Group F: 
Liebherr 900 
(Rubber Tyred 
Hyd. Excavator) 
----------------------- 
Group G: 
PPM 280 
(Crane) 
----------------------- 
Group H: 
Benford 2T 
(Dumper) 
El 42 
E3 31 
E5 22 
E7 21 
E9 21 
Ell 19 
E13 6 
E15 5 
Fl 55 
F3 44 
F5 31 
NF New 
Gl 54 
G3 31 
G5 23 
G7 12 
NG New 
HI (1) a 60 
H3 (10) 31 
H5 (9) 18 
H7 (4) 16 
H9 (4) 14 
HI 1 (3) 8 
H13 (2) 5 
E2 29 
E4 22 
E6 22 
E8 21 
EIO 20 
E12 7 
E14 6 
NE New 
F2 44 
F4 42 
F6 8 
G2 35 
G4 28 
G6 21 
G8 3 
H2 (2) 54 
H4 (1) 27 
H6 (12) 17 
H8 (5) 15 
H10 (1) 9 
H12 (5) 6 
NH New 
a Figure in brackets gives the number of equipment items in each Dumper category 
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The complete Integer Linear Programming model is given below: 
Objective Function: 
Maximise: 
111 A1+ 2094 A2 + 2094 A3 + 2094 A4 + 7073 A5 + 7073 A6 + 9375 A7 
+ 9311 A8 + 9311 A9 + 8268 A10 + 8268 All + 7811 A12 + 6897 A13 
+ 6440 A14 + 6440 AIS + 5655 NA + 2137 B1+3 101 B2 + 9891 B3 
* 10640 B4 + 11899 NB - 1104 Cl + 704 C2 + 995 C3 + 1228 C4 + 1285 C5 
* 1285 C6 + 1563 C7 + 1563 C8 + 1563 C9 + 1749 C10 + 1749 Cl 1+ 1749 C12 
* 1749 C13 + 1842 C14 + 1934 C15 + 1509 NC + 7290 Dl + 9393 D2 + 17178 D3 
* 13837 ND + 6993 El + 8188 E2 + 7925 E3 + 8215 E4 + 8215 E5 + 8215 E6 
* 8404 E7 + 8404 E8 + 8404 E9 + 8593 E10 + 8781 El 1+ 8545 E12 + 8350 E13 
* 8350 E14 + 8154 E15 + 7473 NE + 2537 Fl + 4361 F2 + 4361 F3 + 4921 F4 
* 8260 F5 + 7615 F6 + 5637 NF + 9158 GI + 19280 G2 + 21370 G3 + 20526 G4 
* 22014 G5 + 22256 G6 + 21818 G7 + 18957 G8 + 18419 NG - 131 Hl + 533 H2 
* 1214 H3 + 1222 H4 + 1329 H5 + 1266 H6 + 1311 H7 + 1356 H8 + 1401 H9 
* 1371 H10 + 1331 Hl 1+ 1251 H12 + 1174 H13 + 1128 NH 
....................... (9.1) 
This objective function represents the discounted annual profits due to all the 
equipment. The coefficients of the variables are either the maximum equivalent 
annual profit or the marginal profit from the equipment. Negative coefficients are 
used when there are losses by retaining the equipment for one more year. 
Constraints: 
The annual work requirement for each equipment group are given below. (, ýll 
parameters are given in weeks). The coefficients represent the annual availability of 
each equipment. The figure on the right hand side represents annual work demand. 
Group A: 
15 Al + 18 A2 + 18 A3 + 18 A4 + 36 A5 + 36 A6 + 37 A7 + 38 A8 + 38 A9 
+ 40 A10 + 40 All + 40 A12 + 41 A13 + 41 A14 + 41 A15 + 42 NA ýt 538 
....................... (9.2) 
Group B: 
23 Bl + 24 B2 + 37 B3 + 37 B4ý+ 50 NB 145 ....................... (9.3) 
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Group C: 
12 Cl + 22 C2 + 23 C3 + 26 C4 + 27 C5 + 27 C6 + 28 C7 + 28 C8 + 28 C9 
+ 29 C10 + 29 CII + 29 C12 + 29 C13 + 30 C14 + 31 C15 + 42 NC ý: 515 
....................... (9.4) 
Group D: 
31 Dl + 37 D2 + 46 D3 + 47 ND ý: 114 ....................... (9.5) 
Group E: 
29 El + 31 E2 + 31 E3 + 31 E4 + 31 E5 + 31 E6 + 32 E7 + 32 E8 + 32 E9 
+ 33 E10 + 33 Ell + 38 E12 + 39 E13 + 39 E14 + 39 E15 + 40 NE ý: 501 
....................... (9.6) 
Group F: 
17Fl+23F2+23F3+24F4+33F5+4OF6+40NF ; -> 192 .............. (9.7) 
Group G: 
44 Gl + 44 G2 + 44 G3 + 44 G4 + 44 G5 + 44 G6 + 44 G7 + 44 G8 + 44NG 
A 352 ................ (9.8) 
Group H: 
18 Hl + 22 H2 + 35 H3 + 35 H4 + 36 H5 + 36 H6 + 37 H7 + 38 H8 + 38 H9 
+ 39 H10 + 40 HI I+ 40 H12 + 40 H13 + 41 NH ý: 2070 ..................... (9.9) 
Maximum number of equipment in each Dump Truck category (each of these 
categories denote Dump Trucks with the same age): 
HI :51...................... (9.10) 
H2: 5 2 ...................... (9.11) 
H3: 5 10 ...................... (9.12) 
H4: 5 1 ...................... (9.13) 
H5: 5 9 ...................... (9.14) 
H6 --ý 
12 ...................... (9.15) 
H7: 5 4 ...................... 
(9.16) 
H8: 5 5 ...................... 
(9.17) 
H9: ý 4 ...................... 
(9.18) 
H10: 5 1 ...................... 
(9.19) 
H 11 -5 
3 ...................... 
(9.20) 
H12: 5 5 ...................... 
(9.21) 
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H13: 5 2 ....................... (9.22) 
Maximum number of equipment in each group of equipment are given below: 
Group A: 
Al + A2 + A3 + A4 + A5 + A6 + A7 + A8 + A9 + AlO + Al 1+ A12 + A13 + A14 
+A 15 + NA : 5.15 ............................ (9.23) 
Group B: 
. 
Bl+B2+B3+B4+NB <4............................ (9.24) 
Group C: 
Cl + C2 + C3 
, 
+C4+C5+C6+C7+C8+C9+ CIO+ Cl I +C12+C13+C14 
+ C15 + NC :5 15 ........................ .... (9.25) 
Group D: 
DI+D2+D3+ND :53............................. (9.26) 
Group E: 
El + E2 + E3 + E4 + E5 + E6 + E7 + E8 + E9 + EIO + El 1+ E12 + E13 + E14 
+ E15 + NE :! ý 15 ........................... (9.27) 
Group F: 
Fl+F2+F3+F4+F5+F6+NF --! 5 6 ........................... (9.28) 
Group G: 
Gl+G2+G3+G4+G5+G6+G7+G8+NG :58..................... (9.29) 
Group H: 
Hl +H2+H3+H4+H5+H6+H7 +H8+H9+HlO+Hl I +H12+H13 
+ H14 + H15 + NH :5 59 ........................... (9.30) 
There was no definite amount of capital to be used for purchasing new equipment. 
Therefore, the minimum amount of capital required for a feasible solution was taken 
as the amount of capital available. However, the effect of this constraint on the 
optimum solution was completely analysed and the results are presented in the 
sensitivity analysis (Section 9.4.3). 
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The capital constraint is given below: 
22000 Al + 25000 A2 + 25000 A3 + 25000 A4 + 27000 A5 + 27000 A6 
+ 30000 A7 + 31000 A8 +3 1000 A9 + 35000 AIO + 35000 Al I+ 36000 A12 
+ 38000 A13 + 40000 A14 + 40000 A15 + 52250 NA + 24000 BI + 25000 B2 
* 40000 B3 + 41000 B4 + 57000 NB + 5500 CI + 9750 C2 + 10500 C3 
* 11500 C4 + 11500 C5 + 11500 C6 + 12000 C7 + 12000 C8 + 12000 C9 
* 12500 CIO + 12500 C1 I+ 12500 C12 + 12500 C13 + 12500 C14 
* 13000 C15 + 23000 NC + 45000 DI + 47000 D2 + 60000 D3 + 86000 ND 
+ 21000 El + 23000 E2 + 23500 E3 + 26000 E4 + 26000 E5 + 26000 E6 
+26500 E7 +26500E8 +26500E9 +26500EIO+ 27000EI I +31000EI2 
* 32000 E13 + 32000 E14 + 33000 E15 + 43000 NE + 18000 F1 + 23000 F2 
* 23000 F3 + 24500 F4 + 28000 F5 + 41000 F6 + 57500 NF + 50000 G1 
* 67000 G2 +7 1000 G3 + 73000 G4 + 78000 G5 + 80000 G6 + 88000 G7 
* 103000 G8 + 110000 NG + 1200 HI+ 1650 H2 + 3200 H3 + 3700 H4 
* 4350 H5 + 4400 H6 + 4500 H7 + 4550 H8 + 4600 H9 + 5150 HIO 
* 5300 H1 I+ 5650 H12 + 6000 H13 + 7900 NH - 2347350 W _-5 250000 
(9.31) 
Here, the value on the RHS of the expression is the capital available for purchasing 
new equipment and the coefficient of W denotes XY, Po for all existing equipment as 
defined by Equation 7.19 (Section 7.4.2). In the above equation the value of W is 
equal to one. Other constraints are zero-one and general integer constraints and are not 
included here. 
Using the LINDO Linear Programming software, the optimum solution for the 
replacement model was found. The annual profit given by the objective function for 
the optimum solution was f 584447. According to this solution, the existing 
equipment items to be replaced by new equipment items are given in Table 9.16. 
Table 9.16 Optimum Solution of Replacement Model 
Group Equipment to be Replaced 
Group A Al, A2, A3 & A4 
Group BB11 
Group C Cl, C2, C3, C4, C5 & C6 
Group D 
Group E 
Group F Fl & F2 
Group G 
Group H HI 
224 
9.4.3 Sensitivity Analysis 
To investigate the effects of capital available and the other constraints on the optimum 
solution, a sensitivity analysis was undertaken. The amount of capital available was 
changed initially to E300,000 and then it was increased in steps of E100,000. The 
corresponding values of the objective function increased up to a maximum of 
E628,569. This maximum value was obtained when the amount of capital was f 
621,450 and beyond this point there was not further change in ihe optimum solution. 
Figure 9.7 shows the corresponding variation of objective function value with the 
amount of capital available. The optimum solution for each value of capital is given in 
Table 9.17. 
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Figure 9.7 The Variation of Value of the Objective Function with Capital Available 
Table 9.17 Optimum Solutions for Different Amounts of Capital 
Amount of Capital Value of Equipment Equipment to be Replaced 
Available (f: ) Obj. Func. (f) Group 
250,000 584,447 Group A Al, A2, A3 & A4 
Group B BI 
Group CCI, C2, C3, C4, C5 & C6 
Group D 
Group E 
Group F Fl. & F2 
Group G 
Group H HI (1) a 
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Table 9.17 Continued. 
Amount of Capital Value of Equipment Equipment to be Replaced 
Available W Obj. Func. (f) Group 
300,000 585,627 Group A Al, Aý, A3 & A4 
Group B BI 
Group CCI, C2, C3, C4, C5 & C6 
Group D DI 
Group E 
Group F F1 & F2 
Group G 
Group H HI (1) a 
----------------------------------------------------------------------------------------------------- 
400,000 611,417 Group A Al, A2, A3 & A4 
Group B BI&B2 
Group C Cl, C2, C3, C4, C5 & C6 
Group D Dl 
Group E 
Group F Fl &F2 
Group GGI 
Group H Hl (1) & H2 (2) a 
----------------------------------------------------------------------------------------------------- 
500,000 622,396 Group A Al, A2, A3 & A4 
Group B Bl, B2 & B3 
Group C Cl, C2, C3, C4, C5 & C6 
Group D DI&D2 
Group E 
Group F Fl & F2 
Group G Gl 
Group H HI (1) & H2 (2) a 
---------------------------------------------------------------------------------------------------- 
600,000 628,089 Group A Al, A2, A3 & A4 
Group B BI, B2, B3 & B4 
Group C Cl, C2, C3, C4, C5, C6 & C7 
Group D Dl &D2 
Group E 
Group F Fl, F2, F3 & F4 
Group G Gl 
Group H HI (1) & H2 (2) a 
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Table 9.17 Continued. 
Amount of Capital Value of Equipment Equipment to be Replaced 
Available (; E) Obj. Func. (f. ) Group 
621,450 628,569 Group A Al, A2, A3 & A4 
Group'B BI, B2, B3 & B4 
Group CCI, C2, C3, C4, C5, C6 & C7 
Group D DI &D2 
Group E El 
Group F Fl, F2, F3 & F4 
Group G G1 
Group H HI (1) & H2 (2) a 
a Figure in brackets gives the number of equipment items in each Dumper category 
Another important result obtained from the sensitivity analysis was the most 
economical amount of capital to be spent on replacing the existing equipment. This 
optimum capital value gave the maximum extra profit to capital invested ratio; the 
extra profit was found by deducting the annual profit obtained for the existing 
equipment fleet (without replacing any equipment) from the annual profit given by the 
replacement model for different capital values. Figure 9.8 shows how this ratio varies 
with different values of capital. Therefore, the optimum amount of capital to be spent 
on buying new equipment to replace the existing items is approximately E400,000. 
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Figure 9.8 Variation of Extra Profit/Capital Invested Ratio with Capital Available 
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As the next stage of sensitivity analysis, the maximum number of equipment items 
for each group was increased up to the maximum value during the period 1986 - 
1990. It was found that the value of the objective function became a maximum at 
E810,145 and the capital required was E2,185,550; beyond this point of capital the 
optimum solution remained unchanged (Figure 9.9). Results of this analysis are 
presented in Table 9.18. Again, the most economical amount of capital to be invested 
on equipment was found by calculating the extra profit/ capital invested ratio. The 
variation of this ratio with the capital invested is shown in Figure 9.10. The most 
economical capital to be spent on buying new equipment is approximately E600,000 
and the corresponding optimum equipment fleet is given in Table 9.19. 
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Figure 9.9 Variation of Value of the Objective Function with Capital Available 
( Upper Limits for Number of Equipment are Increased) 
The effect of any change in the inflation rate on the optimum solution was also 
checked in the sensitivity analysis. As different cost and revenue items had different 
inflation rates, it was difficult to predict how these would change in the future. 
However, the corresponding inflation rates for the past few years showed an 
approximate change of 2% within a period of an year. Therefore, the inflation rates 
for each cost and revenue item was changed by 2% in both upward and downward 
directions and the corresponding changes were observed in the optimum solution. It 
was seen that such a small change in inflation rates would not have any effect on the 
optimum solution. 
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Table 9.18 Sensitivity Analysis with Increased Numbers of Equipment 
Capital Value of Equip. Equipment to Number of new 
Available (f: ) Obj. Func. (f) Group be Replaced to be Bought a 
400,000 616,218 Group AA1, A2, A3 & A4 0 
Group B Bl&B2 0 
Group C3 
Group D D2 0 
Group E2 
Group FI 
Group G0 
Group H HI (1) & H2 (I)b 0 
----------------------------------------------------------------------------------------------------- 
500,000 637,860 Group AA1, A2, A3 & A4 0 
Group B BI&B2 0 
Group C3 
Group D DI 0 
Group E5 
Group F1 
Group G0 
Group H Hl (1)b 0 
600,000 655,444 Group AA1, A2, A3 & A4 0 
Group B BI&B2 0 
Group C Cl & C2 2 
Group D Dl 1 
Group E5 
Group FI 
Group G0 
Group HHI (1)b 0 
----------------------------------------------------------------------------------------------------- 
700,000 664,138 Group AAI, A2 & A3 0 
Group B Bl, B2 & B3 0 
Group C Cl &C2 3 
Group D DI 0 
Group E5 
Group FI 
Group G0 
Group HHI (I)b 14 
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Table 9.18 Continued. 
Capital Value of Equip. Equipment to Number of new 
Available (f) Obj. Func. (f: ) Group be Replaced to be Bought a 
800,000 683,811 Group AA1, A2, A3 & A4 0 
Group B BI &B2 0 
Group C Cl & C3 2 
Group D1 
Group E5 
Group FI 
Group G GI 0 
Group H H1 (I)b 22 
----------------------------------------------------------------------------------------------------- 
900,000 697,764 Group AA1, A2, A3 & A4 0 
Group B Bl &B2 0 
Group C3 
Group D Dl I 
Group E5 
Group F1 
Group G Gl 0 
Group HHI (I)b 30 
----------------------------------------------------------------------------------------------------- 
1,000,000 710,432 Group A Al, A2, & A3 0 
Group B Bl &B2 0 
Group C Cl. & C2 2 
Group D DI&D2 I 
Group E5 
Group F1 
Group G GI 0 
Group H Hl (I)b 34, 
1,200,000 730,595 Group AA1, A2, A3 & A4 3 
Group B BI &B2 0 
Group C3 
Group D DI I 
Group E5 
Group F2 
Group G Gl 0 
Group HH1 (1) , H2 (2)b 33 
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Table 9.18 Continued. 
Capital Value of Equip. Equipment to Number of new 
Available (f: ) Obj. Func. (f) Group be Replaced to be Bought a 
1,500,000 763,314 Group AA1, A2, A3 & A4 8 
Group B BI &B2 0 
Group C3 
Group D Dl&D2 I 
Group E5 
Group F2 
Group G GI 0 
Group HH1 (1) , H2 (2)b 33 
----------------------------------------------------------------------------------------------------- 
2,000,000 801,670 Group AA1, A2, A3 & A4 10 
Group B B1, B2, B3 & B4 0 
Group C C1, C2 & C3 14 
Group D DI&D2 1 
Group E5 
Group F Fl & F2 2 
Group G Gl 0 
Group HH1 (1) , H2 (2)b 32 
----------------------------------------------------------------------------------------------------- 
2,185,550 810,145 Group AA1, A2, A3 & A4 10 
Group B B1, B2, B3 & B4 0 
Group C C1, C2, C3, C4, C5 & C6 16 
Group D DI&D2 1 
Group E El 5 
Group F FI, F2, F3 & F4 2 
Group G G1 0 
Group HH1 (1) , H2 (2)b 34 
a Number of new equipment bought in addition to the replacement equipment 
b Figure in brackets gives the number of equipment items in each Dumper category 
231 
20 -1 
18 -ý 
16 -ý 
14 -ý 
12 -ý 
10 
0 1000000 2000000 3000000 
Capital Available (E) 
Figure 9.10 Variation of Extra Profit/Capital Invested with Capital Available 
(Upper Limits for Number of Equipment are Increased) 
Table 9.19 Optimum Equipment Fleet given by the Sensitivity Analysis 
Equipment Equipment to Number of a Total Equipment 
Group be Replaced New Equipment in the Fleet 
Group A A1, A2, A3 & A4 15 
Group B B1 &B2 -4 
Group C C1 & C2 2 17 
Group D D1 14 
Group E5 20 
Group F17 
Group G-8 
Group H H(j)b - 59 
a Number of new equipment bought in addition to the replacement equipment 
b Figure in brackets gives the number of equipment items in each Dumper category 
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9.4.4 Opinion of the Actual Decision Makers of the Company 
As a part of the validation process, the model and the solutions obtained from it were 
discussed with the actual decision makers of the company used in the case study. 
The purpose of this was to increase the degree of confidence that the solutions given 
by the model were practical under the real world conditions which were assumed to 
exist at the time of developing the model. 
The model was critically exan-dned by two senior managers of the company and this 
gave the author a better understanding of the strengths and weaknesses of the model 
as a decision aiding system for replacement analysis of construction equipment. The 
important points gathered from this discussion are summarised below: - 
(1) The company's equipment fleet always consists of both profitable and 
unprofitable equipment. The main reasons for this are the limited capital 
available to replace a group of equipment at once. Therefore, selection of 
unprofitable equipment for replacement considering the whole fleet is a good 
approach. 
(2) The Linear Programming concept is a practical approach for replacement 
analysis. Particularly as the capital constraint and the work demand constraints, 
are always considered in making actual replacement. So far, there were no 
mathematical models to incorporate the real effects of these factors. At present, 
the company studied is planning to limit its capital investment in purchasing new 
equipment due to the downward trend in the construction industry. Therefore, 
the proposed model can assist the management to find the best equipment to be 
replaced with a limited budget. 
(3) There may be special reasons why a particular piece of equipment should be 
retained, other than the factors considered in the model. However, the theory of 
Linear Programming still holds because, it gives the best solution with the 
limited data available at present. Further research on the model may open the 
ways to incorporate new factors into the analysis. 
(4) The sensitivity analysis is useful in determining the optimum amount of capital to 
be invested and also to determine the best equipment fleet to be owned by the 
company. The existence of the maximum extra profit/capital invested ratio is 
useful in deciding whether to buy new equipment or to invest the money 
233 
elsewhere in the business; for example, in the construction division of the 
company. (The plant company is a subsidiary of a large construction company). 
(5) The optimum life values obtained from the equivalent annual profit curves 
closely coincide with the replacement policy adopted by the company. For 
example, Cat 943 crawler loaders are believed to have an optimum life of 3 years 
and the corresponding profit curve gave the same optimum life. The excavators 
are considered to have four year optimum life and the profit curves for Akerman 
H10 and JCB 814 excavators gave the same optimum life values. 
(6) It was the opinion of the decision makers that the replacement model should be 
applied to the equipment fleet every 3 months or so rather than only once a year. 
This allows the model to consider the effects of the factors which have seasonal 
variations. For example, the resale value of a piece of equioment may depend on 
the time of the year the analysis is being done. 
(7) Some factors such as the future inflation rates are merely estimates based on 
historical data. Therefore, the risk of obtaining erroneous results is there if the 
model is used for decision making. Particularly, the inflation rate is very 
difficult to predict, hence, this type of error cannot be avoided in any kind of 
replacement analysis. Also the application of different inflation rates for 
different cash flow items is more practical than having one inflation adjusted 
discounting rate. 
(8) The data provided by the company did not include tax data as they are not being 
considered by the plant company; only the parent company deals with tax 
matters. The managers agreed, however, the tax effect can be included in the 
analysis if required because the model has the facility to do so. In the USA and 
in most third world countries there are special Government Grants to purchase 
new equipment. Therefore, the effects due to such grants should also be 
considered in the replacement analysis. 
(9) Another important suggestion made in the discussion was to extend the 
replacement model to consider external and internal hiring in some subsidiary 
plant companies. Then it may be possible to find the best mix of equipment for 
both external and internal hire considering the seasonal variation of demand for 
equipment in the hire market. 
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9.5 A HYPOTHETICAL CASE STUDY APPLIED TO BOTH 
MAINTENANCE AND REPLACEMENT MODELS 
This hypothetical example is included in this chapter for the following purposes: 
1. To show how the information obtained from the maintenance model can 
be used in the replacement model. 
2. To show how the replacement model could be used with the cost 
minimisation objective. 
In the example, an equipment fleet of eight hydraulic excavators was considered. 
These equipment were assumed to be working in a construction project involved in 
an earth-moving operation. It is also assumed that the project would last for a 
considerably long period. 
The equipment were assumed to have failure data given in Table 9.20. 
Table 9.20 Failure Data for the Equipment considered in the Example 
Equipment Age MTM 
Number (Years) (Hours) 
1 new 95 
21 85 
32 80 
42 80 
53 70 
63 70 
74 55 
84 55 
The failure times are exponentially distributed with the MTTF values given in Table 
9.20. For simplicity, the repair time distribution was considered to be same for all 
equipment, and it was assumed to have a scale parameter of 6.8 and a shape 
parameter of 1.13. The other assumptions are: (1) the average repair team size is 3 
personnel; (2) no overtime working on repairs; (3) all the equipment have the same 
priority; and (4) no delay due to spare parts etc. 
These data were used in the maintenance model, and the downtimes were obtained 
for different sizes of the repair crew for a period of 1000 working hours. To 
determine the optimum crew size giving the total equipment downtime and repair 
crew, the average equipment downtime cost was assumed as E20 per hour. And, the 
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cost of one repair labour hour was taken as E4 . Table 9.21 gives the average 
equipment downtimes and the total costs for different sizes of the repair crew. It was 
found that the optimum crew size for this equipment fleet was six personnel. 
Table 9.21 Costs due to Repair Crew and Downtime of Equipment of the Example 
Number of People Cost of Downtime Downtime Total Cost 
in the Repair Crew Repair Crew (Hours) Cost 
W (E) (: E) 
3 12000 254.5 40720 52720 
6 24000 131.7 21072 45072 
9 36000 120.3 19248 55248 
12 48000 120.0 19200 67200 
The equipment costs such as the downtime cost and the repair labour costs due to the 
optimum repair crew can be used in the replacement model. In order to do this, the 
variation of downtime of a piece of equipment with age should also be found. For 
this , the variations of MTTF and TTR with age of equipment should 
be known. 
Then these values should be applied to the model and the corresponding downtimes 
should be obtained. In practice, this may be difficult as the relationships between the 
above failure characteristics and the equipment age are unknown. Therefore, the best 
approach would be to assume reasonable values for MTTF and TTR statistics (scale 
factor and shape factor). However, the present example the the MTTF was assumed 
to vary with the age in'the same way as given in Table 9.20, and TTR was assumed 
to be constant. 
In order to determine the variation of downtime with the age of equipment, the 
possibility of having different types of equipment in the fleet should be considered. 
For example, as a result of the replacement of an old item of equipment with a new 
item of equipment, the downtimes given by the maintenance model can change. 'Me 
best way to find more realistic values is, therefore, to consider all possible equipment 
combinations that the company may have in the future. It may be wise to consider 
some additional equipment in the fleet as one possible combination. The maintenance 
model should be applied to all these equipment combinations and the corresponding 
optimum downtimes should be found. The average values for downtime of 
.I 
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equipment of all possible age values can then be found. However, for the purpose of 
this example, the downtime variation with the age of equipment was simply assumed 
to be similar to the model downtimes (the fleet included equipment of all different age 
values). Table 9.22 gives the annual equipment downtimes for different age values; 
the annual scheduled working hours were taken as 2000. 
Table 9.22 Annual Equipment Downtimes for Different Age Values 
Age Annual Downfirne 
(Years) (Hours) 
new 198 
1 218 
2 242 
3 272 
4 330 
To find the variation of repair labour cost with the age of equipment, the possibility 
of having different equipment combinations should be considered. The repair labour 
costs for equipment with different age values can be found by considering the amount 
of actual repair time spent on each equipment. Therefore, as mentioned in the 
previous paragraph, different equipment combinations should be considered and the 
average repair times for equipment with different age values should be found. Then, 
the corresponding annual repair labour costs can be calculated using the percentage 
repair time spent on repair of equipment with different ages. However, for the 
purpose of this example, the repair percentages were taken directly from the model 
repair times as there were equipment of all age values, however, in a real situation 
this should not be done. It was also, assumed that the annual scheduled working 
time was 2000 hours. The repair labour costs are given in Table 9.23. 
From the historical records the maintenance/repair materials costs and the scheduled 
maintenance costs could be found. In this example, the above costs were assumed 
for equipment with different age values, and are given in Table 9.23. The total 
maintenance and repair costs are also given in Table 9.23. 
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Table 9.23 Annual Maintenan ce and Repair Costs for Equipment with d ifferent Ages 
Age % Repair Time Annual Repair Annual Main/Repair Total Annual 
Labour Cost Material & Scheduled MainjRepair 
(Years) (f. ) Main. Labour Cost (fý Cost (f) 
new 9.3 4464 2036 6500 
1 10.5 5040 3139 8179 
2 11.3 5424 7730 13154 
3 12.8 6144 7993 14137 
4 16.0 7680 1 8560 1 16240 
The operating costs of equipment were assumed as the maintenance and repair costs, 
however, these may include the fuel and operator costs as well. 
The equipment were assumed to be involved with three types work tasks given 
below. 
(a) Loading dump trucks (the dump trucks were hired). 
N Excavation of trenches, lifting and laying pipes etc. 
(c) Basement Excavation. 
The hourly downtime cost of these three work tasks were assumed to be different, 
and were taken as ; E25, f: 20 and E15 for tasks (a), (b) and (c) respectively. The 
scheduled annual working hours were taken as 2000, and the corresponding 
downtimes costs were calculated using the annual downtimes values given in Table 
9.22. The annual downtime costs for equipment with different age values assigned 
to different work tasks are presented in Table 9.24. However, the annual operating 
costs for a particular equipment item was assumed be same for any work task. 
Table 9.24 Annual Downtime Costs for Equipment with different 
Age Values assigned for different Work Tasks 
Age I Annual Downtime Cost for Work Task (f: ) 
(Years) 
new 
1 
2 
3 
4 
(a) (b) (C) 
4950 3960 2970 
5450 4360 3270 
6050 4840 3630 
6800 5440 4080 
8250 6600 4950 
The objective function of the cost minimisation replacement model included: (1) 
ownership costs; (2) operating costs; and (3) downtime costs. To calculate the 
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ownership costs, the purchase price of a new excavator was taken as E86000 and the 
resale values were assumed to vary with the age according to the graph given in 
Figure F. 20. The operating costs and downtime costs were taken from Table 9.23 
and Table 9.24. 
Using the appropriate formulae given in Chapter 8, the minimum equivalent annual 
costs or the marginal costs were found for the equipment items in the fleet. For 
simplicity, the effects of inflation were ignored. A discount rate of 15% was used to 
calculate the EAC values. These costs are presented in'Table 9.25.. 
Table 9.25 Minimum EAC or Marginal Costs of Equipment 
Equipment Minimum EAC or Marginal Costs of Equipment 
Number 
I 
assigned for Work Task (E)xlOOO 
1 
2 
3 
4 
5 
6 
7 
8 
(a) (b) (C) 
37.17 36.05 34.97 
29.78 28.69 27.60 
34.38 33.17 31.96 
34.38 33.17 31.96 
37.29 35.93 34.57 
37.29 35.93 34.57 
39.55 37.90 36.25 
39.55 37.90 36.25 
Now, the objective function of the ILP replacement model is: 
minimise: 
37.13X 11 + 36.05X 12 + 34.97X 13 + 29.78X21 + 28.69X22 + 27.6OX23 
" 34.38X31 + 33.17X32 + 31.96X33 + 34.38X41 + 33.17X42 + 31.96X43 
" 37.29X51 + 35.93X52 + 34.57X53 + 37.29X61 + 35.93X62 + 34.57X63 
" 39.55X71 + 37.9OX72 + 36.25X73 + 39.55X81 + 37.9OX82 + 36.25X83 
" 37.13M + 36.05N2 + 34.97N3 
The coefficients in the above objective function are either minimum EAC or the 
marginal costs (in U1000) of the corresponding equipment items. XiJ represents the 
equipment i assigned for work task j, and j takes values 1,2 and 3 for work tasks a, b 
and c respectively. N1, N2 and N3 are the numbers of new equipment to be bought 
and used for work tasks a, b and c respectively. 
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In this example, the capital available was assumed as E50,000. The capital constraint 
is given below. 
86X11 + 86X12 + 86X13 + 64.5X21 + 64.5X22 + 64.5X23 + 58X31 + 58X32 
" 58X33 + 58X41 + 58X42 + 58X43 + 51.6X51 + 51.6X52 + 51.6X53 
" 51.6X61 + 51.6X62 + 51.6X63 + 43X71 + 43X72 + 43X73 + 43X81 
" 43X82 + 43X83 + 86Nl + 86N2 + 86N3 - 455.7W :5 50 
The coefficients of the above constraint represent the purchase value of new 
equipment or the resale value of the existing equipment. The value of W is equal to 
one and its coefficient represents the sum of resale values of all existing equipment. 
For simplicity, all values are given in terms of flOOO. 
The work requirements of the work tasks a, b and c were assumed to be 3500,5000 
and 5000 hours per year. The three constraints are given below. 
18.02X11 + 17.82X21 + 17.58X31 + 17.58X41 + 17.28X51 + 17.28X61 
+ 16.7X71 + 16.7X81 + 18.02Nl ; -> 35 
18.02X12 + 17.82X22 + 17.58X32 + 17.58X42 + 17.28X52 + 17.28X62 
+ 16.7X72 + 16.7X82 + 18.02N2 2t 50 
18.02X13 + 17.82X23 + 17.58X33 + 17.58X43 + 17.28X53 + 17.28X63 
+ 16.7X73 + 16.7X83 + 18.02N3 ; -> 50 
In the above constraints, the coefficients represent the annual worldng hours available 
of equipment and are given in terms of 100 hours. 
The next constraint is for the total number of equipment in the company. The total 
number of equipment was eight, and the constraint is given below. 
Xll +X12+X13+X21 +X22+X23+X31 +X32+X33+X41 +X42+X43 
" X51 + X52 + X53 + X61 + X62 + X63 + X71 + X72 + X73 + X81 + X82 
" X83 + Nl+ N2 + N3 : 5.8 
Ile other constraints are the zero-one constraints and are given below. 
X1 I+ X12 + X13 :51 
X21 + X22 + X23: ý 1 
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X31 + X32 + X33: 5 I 
X41 + X42 + X43 <1 
X51 + X52 + X53 <1 
X61 + X62 + X63: 5 1 
X71 + X72 + X73 <1 
X81 + X82 + X83 <1 
The model solution to the replacement problem is given below. 
Equipment No: 1 2345678 
Work Task: abbbccc 
New Equipment: one for task a 
Value of the Objective Function: E273,830 
For further increases of the capital available, the optimum solution remained constant. 
To see howthe model solution would change with the work requirement constraints , 
the work requirement of activity c was increased to 5400 hours per year. There was 
no feasible solution for this case because the capital available was not sufficient to 
buy new equipment. Therefore, the capital limit was increased up to E100,000. The 
new solution is given below. 
Equipment No: 12345678 
Work Task: aa 
New Equipment: three items for task c 
Value of the Objective Function: ; E280,920. 
bb 
The extra annual cost involved with this replacement decision is E7090. Therefore, 
the possibility of using hired equipment was checked. In order to do so, the ILP 
model was modified as described in Section 7.3.1.3. The average hire rate in the 
market was taken as; E30 per hour. The new solution is given below. 
Equipment No: 1234 
Work Task: acccab 
241 
New Equipment: two items for task b 
Hired Equipment: 102 hours for task c 
Value of the Objective Function: ; E277,030 
Therefore, it is cheaper to hire external equipment than replacing the existing 
equipment as suggested by the previous solution. 
Then, the work requirement of work task c was increased to 5500 and 6500. The 
corresponding model solutions are given below. 
For 5500 hours: 
Equipment No: 1234 
Work Task: cacca 
New Equipment: two items for task b 
Hired Equipment: 182 hours for task c 
Value of the Objective Function: ; E279,450 
For 6500 hours: 
Equipment No: 1234567 
Work Task: acbcb 
New Equipment: one for task a and one for task b 
Hired Equipment: 1212 hours for task c 
Value of the Objective Function: 009,920 
For the last case, the possibility of buying an additional equipment item instead of 
hiring external equipment was considered. However, if there were 9 equipment items 
in the fleet, this would increase the downtime of each equipment. Therefore, the 
downtime cost of each equipment would be a little higher. However, the repair labour 
costs would be lower as it would be distributed among nine items instead of eight. 
These costs were calculated again, and the resultant effect on the minimum EAC or 
the Marginal costs was found negligible. Therefore, using the previous EAC and 
marginal values, the new solution was found. 
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Equipment No: 12345678 
Work Task: cbaabC, bc 
New Equipment: one item for task c 
Value of the Objective Function: 012,040 
Therefore, hiring external equipment to do the extra work seems to be more 
economical. 
9.6 SUMMARY 
Verification of the model proved that it was error free and the mathematical formulae 
used in the model were accurately represented by the corresponding algorithms 
written in the simulation program. There were no significant difference between the 
actual downtimes of equipment considered in the case study and the downtimes given 
by the simulation model. Ibis comparison showed that the model can be used to find 
the equipment downtime-repair crew size relationship to reasonable accuracy and 
thereby, to determine optimum repair crew size for the equipment fleet. The 
sensitivity analysis showed that a small change (5%) of input parameters such as 
failure times and repair times would not change the optimum solution for the case 
study. 
The validation of the replacement model was done using a case study. The actual 
decision makers of the equipment company used in the case study were totally 
satisfied with the credibility of the model as a decision making tool. In their opinion 
the present model is more realistic than the previous replacement models because it 
has considered real life constraints which are important in making actual replacement 
decisions. The sensitivity analysis showed that there was an optimum amount of 
capital to be used for purchasing new equipment giving the maximum return on the 
capital invested. 
The hypothetical example, presented in Section 9.5, showed how the maintenance 
and downtime data obtained from the maintenance model could be used in the 
replacement model. The maintenance model in this case could be considered as a 
primary optimisation model. This example, also, showed, how the replacement 
model could be used in a cost minimisation situation. The option of hiring external 
equipment was also considered. 
243 
CHAPTER TEN 
CONCLUSIONS, RECOMMENDATIONS AND 
FURTHER RESEARCH 
10.1 Conclusions 
10.1.1 Conclusions on the Current Equipment Practices in Plant Hire and 
Contracting Companies 
10.1.2 Conclusions on Existing Maintenance and Replacement Models 
10.1.2.1 Conclusions on the Existing Maintenance Models 
10.1.2.2 Conclusions on the Existing Replacement Models 
10.1.3 Conclusions on Failure Characteristics of Construction Equipment, 
Development of the Maintenance Model and Validation of the Model 
10.1.4 Conclusions on Development of the Replacement Model, 
Determination of Input Parameters and Validation of the Model 
10.2 Recommendations 
10.3 Further Research 
244 
10.1 CONCLUSIONS 
The main objective of this research was to develop two practical complementary 
mathematical models, one for maintenance optimisation and the other for replacement 
analysis of construction equipment. 
The sub - objectives required in order to accomplish the main objective were as 
follows: 
(a) To examine the current construction equipment practices of plant hire and 
contracting companies, particularly in the areas of maintenance and 
replacement of equipment. 
(b) To study the existing mathematical models for maintenance of general 
industrial equipment, and to investigate the feasibility of applying them to 
construction equipment maintenance. 
(c) To study the existing mathematical models for replacement of 
construction equipment and to identify the shortcomings of those models 
and the requirements of a better model. 
(d) To collect equipment data and to examine the failure and repair 
characteristics of construction equipment. 
(e) To validate the developed maintenance and replacement models using case 
studies. 
(f) To suggest necessary steps to be taken by equipment owners in order to 
use mathematical models in making equipment maintenance and 
replacement decisions. Also, to identify the future work needed for 
further development of the maintenance and replacement models. 
The preceding chapters were aimed at achieving the main objective and sub-objectives 
stated above; and the conclusions derived in these chapters are collectively 
summarised in the next sections. 
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10.1.1 Conclusions on the Current Equipment practices in Plant Hire 
and Contracting Companies 
This matter was discussed in detail in Chapter 2 and the main conclusions derived 
from the results of the literature review, questionnaire surveys and the personal 
interviews under taken in the UK and Sri Lanka are summarised below. 
(1) The main types of maintenance performed on construction equipment were 
preventive or corrective in nature. Preventive ' maintenance could either 
be 
planned or scheduled. Most of the UK companies appeared to'use some kind of 
preventive maintenance, however, the questionnaire results were not clear 
enough to make firm conclusions on this matter. The interviews with plant 
companies suggest that actual practice is a mixture of both preventive and 
corrective maintenance. Unlike in the UK, Sri Lankan companies perform more 
corrective type of maintenance than preventive maintenance on their equipment. 
(2) Downtime of equipment is usually caused by: poor maintenance, scarcity of 
spare parts, lack of maintenance and repair personnel, insufficient shop tool 
inventory, location of equipment, abuse/misuse of equipment and operator 
inefficiency. Most of the equipment companies considered lack of spare parts, 
location of equipment and lack of repair personnel as the main causes of 
downtime. 
(3) Planning and control of maintenance resources is very important in construction 
equipMent companies as poorly managed maintenance resources leads to 
frequent downtime of equipment. However, equipment managers rarely use any 
scientific techniques in making decisions regarding maintenance resources; in the 
UK about 95% of the equipment companies managers use their experience in 
determining the number of repair personnel needed for the company. Personal 
interviews, however, showed a growing potential for scientific methods in the 
area of maintenance. 
(4) The questionnaire survey showed that replacement of equipment would often 
take place when they become inefficient or the maintenance and repair costs 
appear to be too high. The financial picture of the company, the work at hand 
and hire-market conditions are other important factors which influence the actual 
replacement decision. 
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(5) The retention periods for similar equipment dramatically varied from one 
company to another. In general the UK and USA equipment companies showed. 
low retention periods compared to those in Sri Lanka. This probably reflects the 
concern for equipment profitability in the UK and USA , and also the lack of 
funds for purchasing new equipment in Sri Lankan companies. 
(6) Use of mathematical models to find the optimum replacement time of equipment 
is very rare in equipment companies; the main reasons for this are either the 
belief that the existing models are not realistic, lack of knowledge about such 
models or lack of, accurate historical equipment records to feed such models. 
(7) The present state of record keeping in equipment companies is not at a 
satisfactory level. This situation may improve as computers are becoming 
increasingly popular among equipment companies as a means of keeping and 
analysing equipment records. 
10.1.2 Conclusions on Existing Maintenance and replacement Models 
10.1.2.1 Conclusions on the Existing Maintenance Models 
(1) There are two basic typeg of maintenance models, namely, models to determine 
optimal maintenance times and models to optimise maintenance resources. These 
models were initially developed for industrial equipment and at present the only 
maintenance optimisation model for construction equipment is the inventory 
control model proposed by Harris & McCaffer (1982). 
(2) Mathematical models to determine optimal maintenance times are extremely 
difficult to apply to construction equipment maintenance due to the lack of record 
keeping and the narrowly defined maintenance policies in equipment companies. 
(3) Of the maintenance resources optimisation models, those based on queuing 
theory have been successfully applied to industrial equipment. One possible 
application of queuing theory is to determine optimum repair crew size for 
equipment. However, this seems impossible for construction equipment due to 
the following reasons. 
(a) There may be several types of equipment served by the same repair crew. 
(b) Different equipment items may have different working hours. 
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(c) Failure and repair times may not follow the expected Poisson and Negative 
Exponential distributions. 
(d) Existence of priority rules other than First Come First Served basis. 
(e) Dependence of repair work on other factors such as the availability of spare 
parts, transport delays and overtime working. 
(4) Unlike queuing theory, the technique of simulation can be applied to any detailed 
and complex maintenance problem as it can overcome all of the shortcomings 
mentioned above. Therefore, simulation models seem to have potential 
applications in optimising maintenance resources of equipment companies. 
10.1.2.2 Conclusions on Existing Replacement Models 
(1) The existing replacement models for construction equipment could be broadly 
categorized as cost minimisation or profit maximisation models. The economic 
evaluation in these models is usually based on either present worth or equivalent 
annual cost of cash flows due to the equipment. 
(2) The number of influencing factors such as the capital cost, depreciation, 
operating cost, downtime, inflation, time value of money and obsolescence 
considered in the replacement analysis vary from one model to another. 
However, these models do not totally satisfy the requirements of a realistic 
replacement model for construction equipment. 
(3) The existing replacement models are littled used in actual practice due to one or 
more of the following shortcomings. 
(a) Omission of some of the intangible or difficult to quantify, but important 
factors such as downtime cost in the analysis in the attempt to achieve 
quantitative precision. 
(b) Omission of some of the important factors such as inflation and the time 
value of money as a result of concentrating more on certain other aspects in 
the replacement analysis. 
(c) Omission of the conditional factors which very often influence the actual 
replacement decision; these factors include the constraints due to limited 
capital resources, the work requirement or demand for equipment, the 
capacity of the maintenance section and the availability of hire equipment in 
the market. 
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10.1.3 Conclusions on Failure Characteristics of Construction 
Equipment, Development of the Maintenance Model and 
Validation of the Model 
(1) Due to the limited time available for data collection, only certain types of 
Construction Equipment were considered for the study on failure frequency and 
repair time distributions of equipment. The equipment included crawler tractors, 
wheel loaders, motor graders, motor scrapers, hydraulic excavators and dump 
trucks; therefore, this study has covered most of the earth moving equipment 
used in the construction industry. 
(2) To find the failure time (TTF) and repair time (TTR) distributions, the data for a 
total of 71 equipment items were statistically analysed. This study proved that 
the assumption of Exponential distribution for the failure rate (probability of 
failure) was valid for the six types of equipment considered in the analysis. 
However, the repair time distributions were not explained by any single 
distribution like Negative Exponential or Hyper-Exponential distributions. These 
were more accurately represented by the Weibul distribution , with appropriate 
scale and shape parameters. The average number of repair personnel per repair 
was approximately three, irrespective of the type of equipment. 
(3) The age of equipment appears to have a great effect on the failure rate, however, 
the effects due to other influencing factors such as the make, operating 
conditions and degree of maintenance cannot be overlooked. For a particular 
item of equipment, the failure probability and the repair time distributions can be 
predicted , using its own historical data, for a relatively short period, one year 
for example, with reasonable accuracy. 
(4) The developed maintenance model, can be used to simulate the equipment-repair 
crew sub-system with the objective of establishing the relationship between 
equipment downtime and size of the repair crew of an equipment company. This 
relationship is essential in determining the optimum size of the repair crew in 
order to minimise the total cost of equipment downtime and repair crew. 
(5) The computer simulation model can accommodate large numbers of equipment 
and repair personnel. Different equipment can have different failure time and 
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repair time distributions in the model; priority rules, overtime working and 
delays due to spare parts etc. can also be incorporated into the model. However, 
in order to apply the model to an actual equipment fleet, historical data of the 
same equipment should be available. 
(6) The simulation model was applied to an actual quarry site with a fleet of II 
construction equipment items. Statistical comparison of the actual and the model 
equipment downtimes proved the validity of the maintenance model. Therefore, 
the model can be used for an equipment fleet to determine the equipment 
downtime-repair crew size relationship, with a reasonable accuracy. This 
relationship can then be used to find the optimum repair crew size. 
(7) The optimum repair crew size for the above case study was found to be nine. 
The actual number of repair personnel at the quarry was ten and considering 
absenteeism and inefficient management practices, the present crew size seems to 
be the optimum. Sensitivity analysis showed the effect of input parameters and 
other factors on the equipment downtime and the optimum solution. 
10.1.4 Conclusions on Development of the Replacement Model, 
Determination of Input Parameters and Validation of the 
Model 
(1) The replacement model developed can be used by contractors to minimise their 
equipment costs and the plant hire companies to maximise the profits from their 
equipment. Unlike the previous replacement models, the present model could be 
applied to a group of similar equipment or to the entire equipment fleet. 
(2) The costs and the revenues considered in the model cover almost all the tangible 
factors influencing the replacement of construction equipment. The new concept 
of considering the effects of conditional factors such as the scarcity of capital 
resources, work requirement or demand for equipment and the limited 
maintenance resources, makes the model more realistic than the previous 
replacement models. 
(3) The economic evaluation in the replacement analysis is based on discounted 
costs or profits of existing equipment and those of new equipment. The cost or 
profit of an item of equipment could be in terms of marginal or equivalent annual 
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values depending on whether it has passed its economic life or not. The 
economic life is the age which gives the minimum Equivalent Annual Cost 
(EAC) or maximum Equivalent Annual Profit (EAP). 
(4) The replacement analysis using the model can be done annually. The results 
obtained from the model will be valid only for the coming year and the end of 
that year the model should be applied again to the equipment fleet with 
corresponding input parameters. 
(5) The replacement model is quite easy to solve using a readily available Linear 
Programming software package such as LINDO. 
(6) The replacement model was applied to an actual equipment fleet of a UK plant 
company. The model was critically examined by the actual decision makers of 
the company and they were totally satisfied about the outputs of the model. Also 
the optimum age values for equipment obtained from the profit curves were 
almost same as those considered by the decision makers. According to their 
opinion, the model can be used by equipment companies provided that accurate 
equipment data are available. 
(7) The sensitivity analysis showed that there was an optimum value for the annual 
capital spent on replacement equipment, giving the maximum return on the 
capital invested. If the total number of equipment items was kept constant, this 
optimum amount of annual capital expenditure would be approximately 
E400,000. Also it was seen that beyond E628,569 of additional capital 
investment, the annual profit remains constant. If the number of each type of 
equipment was increased, subject to the maximum value during the last four 
years, then the optimum amount of capital investment would be approximately 
E600,000. A small change of the Inflation rate by 2% in both upward and 
downward directions would not change the optimum solution. 
(8) A hypothetical example showed how the maintenance and downtime data 
obtained from the maintenance model could be used in the replacement model. 
The maintenance model in this case could be considered as a primary 
optimisation model. This example, also, showed, how the replaýement model 
could be used in a cost minimisation situation. The option of hiring external 
equipment was also considered. 
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10.2 RECOMMENDATIONS 
The following recommendations are made for equipment owners, if the profit of their 
companies (both plant hire companies and contractors) are to be increased: 
(1) The existence of optimal solutions to maintenance and replacement problems 
should be realized by equipment owners. As was shown in this research, it is 
possible to find the optimum size of the repair crew, giving the minimum total 
cost of equipment downtime and repair crew, for an equipment company. The 
approach proposed for the replacement analysis showed the existence of an 
optimum retention period for a piece of equipment giving the minimum 
equivalent annual costs or the maximum equivalent annual profits. It is true that 
the costs and revenues are not the only factors which govern the replacement 
decision; there are other real life constraints. However, this should not be an 
excuse to abandon the mathematical approach altogether, because the equipment 
owners can consider most of these constraints using the proposed replacement 
model. 
(2) The application of the proposed replacement and maintenance models to actual 
case studies proved their validity. Therefore, these mathematical models should 
allow equipment owners to develop workable systems within their companies 
that produce valid results for decision making. As the computer is now 
becoming increasingly popular among contracting and plant hire companies, 
these systems can be computerized making the analyses relatively simple and 
fast. 
(3) The current equipment practices suggest that many decisions regarding 
maintenance and replacement are based on judgement rather than on scientific 
methods. The main reasons for this situation were found to be the lack of factual 
information and of knowledge concerning optimisation techniques. Therefore, 
before using mathematical models such as the ones proposed in this research, the 
equipment owners should take the following steps. 
(a) They must keep accurate records of failure times, repair times, costs, 
revenues and other relevant data in a more systematic and easy to abstract 
manner. 
(b) The equipment managers should be given proper training on the use of 
optimisation techniques and other operational research meihods to solve 
maintenance and replacement problems. 
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(c) The equipment owners must persuade the equipment manufactures to collect 
equipment data from the users of their equipment and to supply the pooled 
data and information back to the users (equipment owners) to be used in 
making optimum decisions. 
10.3 FURTHER RESEARCH 
This research has proved that optimisation in maintenance and replacement of 
construction equipment is possible through the use of the proposed mathematical 
models. There are, however, some important voids which need to be filled before 
the equipment owners can be totally convinced about the importance of these 
mathematical models, and further research in the following areas is recommended: 
(1) A further study of failure times and repair times of construction equipment 
should be conducted; this must involve data of a large number of equipment of 
different types. In this study, the effects of different maintenance policies, such 
as the frequency of inspection, on the failure rate should be examined. The 
effects due to age, make, size of equipment and type of work being done, on the 
failure rate and repair times should also be investigated. 
(2) A study to examine further applications of simulation techniques for equipment 
maintenance. These applications include determination of: the optimum number 
of workshop equipment/tools, optimum repair parts inventory and optimum 
preventive maintenance schedules. Using the ability of simulation to solve the 
most detailed and complex problems, the operation of the whole maintenance 
department may be simulated in order to examine the effects of different 
maintenance policies on search for a minimum cost solution. 
(3) A further study to investigate the variation of maintenance and repair costs with 
the age of construction equipment. The effects due to the type work done on 
these costs should also be examined. The other areas of interest are the variations 
of Tevenue and availability of equipment with the age. 
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(4) A study should be undertaken on how to determine the consequential costs due 
to downtime of a piece of equipment working in a team with other equipment. 
Productivity studies should be undertaken to determine the idle time of other 
equipment caused during downtime of the equipment considered. The variation 
of consequential or downtime cost with the type of construction work done, 
should also be investigated. 
(5) A further study to find ways to incorporate the effects of certain intangible or 
difficult to quantify real life constraints into the replacement model. These may 
be due to constraints such as limited resources, standardization of equipment and 
future trends of the construction industry. 
(7) A further study to check the feasibility of combining the maintenance and 
replacement models should be undertaken. The information (optimum 
maintenance and downtime costs of equipment) obtained from the maintenance 
model should be be used in the replacement model to study the resulting 
changes in the optimum equipment replacement policy. 
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QUESTIONNAIRE ON CONSTRUCHON EQUIPMENT MANAGEMENT 
Ifyou have more than one answer to thefollowing questions please indicate all such 
answers. 
1. Please indicate the type of business your firm is doing: 
w 
Plant fEre 
ED Construction 
II Other 
2. Which type of maintenance do you perform on your equipment ? 
VI 
Is/I 
Preventive maintenance 
Scheduled maintenance 
D Unscheduled maintenance 
ED No maintenance at all 
3. Please indicate the types of cost records you maintain on individual units of your 
equipment fleet: 
- Operating hours 
- Repair: 
w 
Spare Parts 
Fl Labour 
F1 Workshop Machine hours ( eg. Lathe etc. ) 
w 
- Are repairs also itemised by type ? (eg. EngineTransmissionTmck etc. ) 
w 
- Are these recorded ? 
Yes El No 
I,: /] Fuel F7 Lubricadon 
1-1 
Filters 
El Overheads 
114 Operator wages 
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4. What are the main causes of Downtime of equipment ? 
ull/ Insufficient number of repair personnel 
0 Waiting for spares 
El Insufficient shop tool inventory 
w Location of the equipment 
ED Other (please explain ) 
5. How do you determine the number of people in the Repair Gang of your 
company ? 
w 
use experience 
F7 
use a scientific method (please specify) 
M 
any other (please explain) 
6. Do you use computers for record keeping of your equipment ? 
17 Yes 
w 
No 
7. Do you use any of the following methods for determining the Q12timum 
Replacement Time for a piece of equipment ? 
Determination of economic life using a mathematical method and 
replace at the end of this life 
F-I 
w 
Replace when the repair and maintenance costs are too high 
Replace when the equipment becomes inefficient 
D Replace when the equipment becomes obsolete 
E: 1 Other (please explain) 
8. Which of the following factors do you think are important in making the 
replacement decision of a piece of equipment ? 
El Maintenance and repair costs Cost of capital 
F-1 Downtime costs Depreciation 
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w 
k-/] 
Obtainable resale value 
r7 Inflation 
Obsolescence El Tax advantages 
El Other (please specify) 
9. Who makes the final decision regarding acquisition or disposition of equipment ? 
w President/Owner F7 Equipment Manager 
El Board of Directors 
E] Project Manager 
El Other (please write in) 
10. What type of financing is used for equipment ? 
w Outright purchases 
FI Short-term bank loans 
El Long-term bank loans F-1 Trade credits 
v 
Lease purchase 
F-1 Other (please specify) 
11. How do you dispose your equipment ? 
0 Trade to dealers 
w 
0 Auction sales 
Sell to third parties El Other (please explain): 
12. What type of Depreciation method do you use for the equipment ? 
w Straight line 1: 1 Surn-of-year digits 
r-1 Declining balance El Other (please explain): 
13. How are the decisions made on which equipment to buy ? 
47 Do a quantitative analysis of the equipment available in the market and 
buy the best 
E] Always buy the same brand 
w 
Take the best purchase price in the market 
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El Take the best credit tenns 
D Other (please explain): 
14. What Quantitative Evaluation Method do you use to compare the alternative 
equipment available in the market ?( if you do a Quantitative Evaluation) 
E] Payback Period F-1 Net Present Value 
El Internal Rate of Return El Accounting return on investment 
ID Other (please specify): 
15. If you do a Quantitative Evaluation, what do you compare 
1; 11 Costs of altematives 
El Net cash flows (both revenues & costs) of alternatives 
16. If you compare Net Cash Flows, what do you use to determine the Revenue of 
different proposals ? 
0 Direct revenue of construction work done using the equipment 
r1 Rental rate in the local hire market 
El Recommended hire rates given in the PMJ (Plant Managers Journal) 
r1 Use your own hire rates based on historical data and experience 
II Other (please explain) 
17. How do you determine the Cost of Capital of your equipment ? 
D Cost of debt capital 
El Weighted cost of debt and equity capital 
Fý Company's historical rate of return 
w 
Target rate of return determined by Management 
ED Other (please specify) 
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18. Based on your Company's experience, what are the normal useful lives of the 
following types of equipment ? 
Type of equipment Life in years 
" Crawler Tractors 10 12 
" Motor Scrapers 12 15 
" Motor Graders 8 10 
" Wheel Loaders 10 15 
" Hydraulic Excavators 10 12 
" Dump Trucks (in miles) 8 12 
Thank you for your kind co-operation. 
Life in Operating hours 
20,000 
25,000 
18,500 
22,000 
15,000 
75,000 miles 
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B. 1 Introduction 
The existing Replacement models were discussed in Chapter 3. However, in this 
brief discussion it was not possible to fully explain the model proposed by James 
Douglas (1968) or the one by Collier and Jacques (1984). Therefore, the essential 
parts including the mathematical equations of these models are presented in Section 
B. 2 and Section B. 3. 
B. 2 Replacement Model Proposed by James Douglas (1968) 
The Douglas model is a mathematical model used to determine the best time to replace 
Construction equipment. In its most general form, it yields the present worth of the 
future cash flows associated with a specific replacement policy. The replacement 
policy is represented as a two stage decision. In the first stage, the economic life of 
the replacement equipment is determined; and in the second stage, the remaining life 
of the present equipment is determined. 
To arrive at the optimum replacement policy, the present worth of future profits after 
taxes is computed for different combinations of the remaining life of the present 
equipment and the economic life of the replacement equipment. T'he combination 
which yields the maximum value of present worth is the optimum policy. 
The complete model comprises a large number of exponential equations relating 64 
variables and parameters. Of these 64 variables and parameters, over 25 are input 
into the model. The other variables are determined when the present worth of future 
profits are computed. 
The equations needed to detem-iine the present worth of the present machine and the 
future replacement machines for an infinite time horizon are given below. 
Maximize: Ro - Eo ..................................................... (1) 
Ro = R, +R2+ R3 .................................................... (2) 
Eo = El +E2+E3+E4+E5+E6 
+ E7 + E8 + Eg + Elo + Ell ...................................... (3) 
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R, = Pi 
f I- exp[-(S, +R 6 )N 
I 
...................................... (4) Sj+ R6 
R2 
P2 +Q I- exp[-(S, +R6 )L I 
exp[-R 1- exp(-R 6 L) S2+R 6 
6NI --***(5) 
R=-fQ exp[-GN] 
If 1- exp[-(S 2 +R 6 )LI 
I 
exp[-R NI .......... (6) 3 1- exp[-(G+R 6 )L S2 +R 66 
El = (A, + BI) 
fI- exp[-R 6 NJ 
R61.................................. 
E2 =-B, 
f exp[-(W, +R 6 )N] 
Wl A- R61 .................................. 
E3 = A2 
f exp[-(Z+R6 )N] It 1- exp[-R6L] I 
........... R6 T- exp[-(Z+R 6 )LI 
exp[-R 6 N] 1- exp[-R 6Q EB 
R6 1ýu L exp[-R 6Q 
E5 = -B 2f 
exp[-R6N] 1- exp[-(W, +R6)L] I 
................. 0 1) R6+W2 I-uL exp[-R6L] 
E6=C, (1 - exp[-(C3+R 6 )NI) ........................................ (12) 
E7 =C2 exp[-(R6 - V)N] 
1+ ( 1- K exp[-(C4+V)LI , 
exp[-(R6-V)L] 
.................... (13) 1- exp[-(R6-V)LI 
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E8= R5[(R, +Gl) - (El+ E2+ Elo + Dj+ 11)] ....................... (14) 
Eg = R5[(R2+ R3+ G2) - (E3+ E4+ E5+ EI, + D2+ 2)1 
Mlý' ' (N'T4)fr3 
Elo = C5 exp[ -R 6T41 
1: 
exp[-M, R6T3] 
Mi =0 
in which Ný: T4 ......................................................... 
Ell = C5 expf-[C 6 N+ R 6(N+ T3)]) 
(I - expl'(C6 +R 6 
)L]) -1 
M2 5 (lfr3) -1 
I 
exp[-M2R6T31 , in which L Z: T3 ......................... (17) M2-0 
Elo,,, -- 0, when N< T4 
Ell= 0, when L<T3 ............................................ . (19) 
D 
C, D 3( 1- exp[-(D +R+ IO)N]) ........................ (20) 1D 3+ R6 +1036 
D 
C, D4 exp[-(R 6'V)NI 1- exp[-(D 4+R 6+ 10)LI (21) D4+R 6+10 1- exp[-(R 6- V)L] 
D5= 
D6 = 
cl 
N 
I- exp[-(R 6+ IO)N] 
R6+101 (1- exp(Io- C3)N) ............... (22) 
C2 f exp[-(R6- V)N] 1- exp [-(R6+ IO)L] 
L R6+ 10 1- exp [-(R6- V)L] 
I 
(1- K exp 1(10- C4)L]) .................................................. (23) 
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II=R6 
+10 
(1- exp[-(R 6+ IO)N] where N: 5 T, ................ (24) 
12= exp[-(R 6- 
V)N] 
1- exp[-(R 6+ 10)L] 
R6+10 1- exp[-(R 6- 
V)Lj 7 
where L :5 T2 ............................................................ (25) 
when N> Tjj II[N > TI] = II[N = TI] ............................ (26) 
when L>T,, 1, [L>T2] = 12[L = T21 ............................ (27) 
Gi = C, exp(lo, C3 - D4)N, when BV, = C, .................... (28) 
Otherwise, 
G, = C, exp(Io- C3 )N - C7 exp(-D4N) , when BVI 0 C, ........... (29) 
G2 
C2 exp[-(R6- V)N] I 
(K exp[-(C4+ R6)L] 1- exp[-(R6' V)L] 
- exp[-(D4+ R6+ IO)L]) ............................................... (30) 
The following symbols are used in the equations: 
Al present annual expected maintenance and operating costs of present machine; 
A2 annual expected maintenance and operating costs of new item if purchased 
Bi 
B2 
Ci 
C2 
C3 
C4 
C5 
C6 
now; 
difference between initial cost (Ai) and upper limit of cost as present item 
ages; 
difference between initial cost (A2) and upper limit of cost as new item ages; 
present salvage value of present machine; 
purchase price of new item presently available; 
coefficient to determine rate of decline in salvage value of present machine; 
coefficient to determine rate of decline in salvage value of future machines; 
present cost of discrete , redundant expense; 
coefficient of decline of discrete expense between replacements; 
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C7 = book value of present machine; 
Di = present worth of double-declining-balance depreciation on present machine; 
D2 = present worth of double-declining-balance depreciation on future machines; 
D3 = coefficient to determine rate of allowable depreciation for present machine; 
D4 = coefficient to determine rate of allowable depreciation for future machines; 
D5 = present worth of straight-line depreciation on present machine; 
D6 = present worth of straight-line depreciation on future machines; 
exp = base of natural logarithms (2.71828+); 
Eo = present worth of all expected costs; 
Ei, E2= present worth of partial expected maintenance and operating costs of present 
machine; 
E3, E4, E5= present worth of partial expected maintenance and operating costs of 
future machines; 
E6 = present worth of capital costs of present machine; 
E7 = present worth of capital costs of future machines; 
E8 = present worth of taxes on present machine; 
E9 = present worth of taxes on future machines; 
Elo = present worth of all future discrete expenses on present machine; 
Ell = present worth of all future discrete expenses on future machines; 
F ratio of amount of financing to total cost of new machine; 
G coefficient to determine rate of approaching upper limit of revenue (increase in 
productivity); 
Gi present worth of gain on sale of present machine; 
G2 present worth of gain on sale of future machines; 
10 coefficient to determine rate of inflation of currency; 
Il present worth of interest charges on money to purchase the present machine; 
12 present worth of interest charges on money to purchase the future machines; 
j number of replacement Q=0 is the beginning of the first replacement); 
K fraction of C2 remaining after installation costs; 
L life of replacement equipment, in years; 
Ml = number of overhaul (1 st = 0) on present machine; 
M2 = number of overhaul (1st = 0) on future machines; 
N number of years life remaining in present equipment; 
Pi annual revenue of present machine at the present time; 
P2 annual revenue of new machine if purchased now; 
Q difference between initial revenue, PZ and upper limit of revenue of all future 
machines; 
Ro present worth of total revenue; 
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Ri = present worth of revenue from present machine; 
R2, R3 = present worth of partial revenue from future machines; 
R4 = annual rate of simple interest on new-equipment load, paid monthly during 
life of loan; 
R5 = effective income-tax rate (federal and state); 
R6 = force of interest used for continuous compounding; 
S1 = coefficient to determine rate of decline of annual revenue of present machine 
due to aging; 
S2 = coefficient to determine rate of decline of annual revenue of future machines 
due to aging; 
Ti = remaining term of loan on present machine, in years; 
T2 = term of loan on future machine, in years; 
T3 = interval between discrete expenses, in years; 
T4 = time to next discrete expense, present machine, in years; 
U= coefficient which reduces B2 because of technological improvements in future 
equipment; 
V= coefficient of cost growth in future machine prices due to technological 
improvements; 
W1 = coefficient to determine rate at which maintenance and operating costs of 
present machine approach upper limit; 
W2 = coefficient to determine rate at which maintenance and operating costs of 
future machines approach upper limit; and 
z= coefficient to determine rate of decline in maintenance and operating costs of 
replacement machines due to obsolescence; 
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B. 3 Replacement Model Proposed by Collier and Jacques (1984) 
This model is called the Geometric Gradient-to- Infinite Horizon Method. It is a 
minimum cost equipment replacement model based on present worth of discounted 
cash flow. The model projects expected future life - cycle costs for the existing 
machine plus future replacement to an infinite horizon and then discounts them back 
to present value. Trial life spans of the existing machine plus the future replacement 
machines are then ranged over a reasonable sequence of values until the minimum 
present value of total cost is determined. 
The model considers all significant cost categories of the present machine and all of 
its replacements to an infinite horizon. The following equations represent different 
costs associated with the existing machine (Defender) and the future replacement 
machines (Challengers). The present value of total costs due to the Defender and the 
future Challengers is given by the summation of all equations from (1) to (18). 0 
Eguations for the existing defender: 
investment Cost: 
Pl = PNSV - (PNSV - PDBV) * TX ........................... (1) 
Depreciation Cost: 
P2 = 
CN 
* TX * (LiN2) 
DL A 
..................................... 
if N+DA: 5 DL then N2 =N; if N+DA> DL then N2=DL-DA 
Salvage value less Recapture: 
P3 =[ FNSP - (FNSP - FDBV) * TX] 
(P 
i N) ................ (3) 'F 
Costs due to Repairs, Tires, Downtime and Obsolescence: 
P4 = (REPA + TIRA + DNTA + OBSA)( 
P W) 
+ (REPG + TIRG + DNTG + OBSG)( 
Li 
N) ............ (4) G 
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Maintenance Cost: 
P5 = MANC 
P 
W5 N) ............................................. (5) 
where W5 = 
I+i 
-1 1 +R5 
Accessories Cost: 
P6 = ACEC W6 N) .......................................... (6) C 
where W6 = 
1+i 
-1 1 +R6 
Taxes and Insurance: 
P7 = TINC 
P 
W7 N) ......................................... (7) 
1+i 
where W7 =1 +R7 -I 
Overhaul Costs: 
if N< N8 then P8 =0........................................ (8a) 
ff N Zt N8 then P8 = OHLA 
(pi 
N8) .......................... (8b) F 
Rebate of Investment Tax Credit if the Defender is sold before Expiration of Tax 
Credit Rebate Period: 
if N+ DA: 5 5 then P9 = 
(5 - DA - N)* CN*rrC (pi N) ...... (9a) 5F 
if N+DA>5 then P9 =0........................................ (9b) 
Here, the Tax Credit Rebate Period is taken as 5 years. 
Challenger Equations, 
Investment Cost: 
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Fp 
PCI=CCN(I-ITC)(ViL)(Lw ')(-IFiN) ............... (10) ce 
Depreciation: 
PC2 = 
CCN * TX (. LiL)( ! Lw 
-)( 
Pi 
N) 
DL A CE eF ................ 
(11) 
Salvage and Recapture: 
PO CCN * CR CCN * CR L. 
DL-L 
* CCN) 
DL 
TX 
Lwpi 
N) 
...................................... 
RCeF 
Repairs, Tires, Downtime and Obsolescence: 
PC4 = 
[(CRPA 
+ CTRA + CDTA + COBA)( -E i L) + (CRPG + CTRG A 
+CDTG+COBG)(-tiL)]*(. 
Lw 
-)( 
pi 
N) ................ (13) GCc «f 
Maintenance: 
PC5=CMNC(PCW5L)(LiL)(pw -)(PiN) (14) TpEeF 
Accessories: 
PC6 = CACC 
(P 
CW6 L) 
Fi 
L)( 
Pwpi 
N) (15) 7TF 
Taxes and Insurance: 
PO = CTNC 
(p CW7 L) (Li L) ( -EC. we (") 
(pi N) (16) Ep 
Overhaul: 
PC8 = COHA 
Lw 
o*) 
[Li 
(N + L8)] .......................... (17) CeF 
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ITC Rebate: 
. 
PC9 = 
5-L 
* CCN* ITC *(t. w oo 
pi 
N) ................. (18) 5- Cc 
)(7 
Here the Tax Credit Rebate Period is 5 rears. 
1+IE 
1+RE 
L IE = (I + i) -L........................................... (20) 
L RE = (1 + R) - ........................................... 
p 
n ...................................... (22) (1 + i)n 
p (, + i)n _1 
xini 
(1 + i)n 
.................................... (23) 
pn (1+ if -In di 
(i + i), (I + if 
p1 (1+ wp Ewn) = Tl- + r) w W)n 
if n --- >- then 
pw 
n) =1 c (1+ r)w 
.............................. (24) 
............................... (25) 
............................ (26) 
when r<i then w= 
I+i 
I .................................. (27) 1+ r 
The following symbols are used in the equations: 
Defender: 
CNRR = Original purchase price 
R1 = Rate of decline of salvage value 
REPA = First coming year's repair cost 
28.1 
TIRA = First coming year's tire cost 
TIRG = Tire cost gradient 
DNTA = First coming year's downtime cost 
DNTG = Downtime cost gradient 
OBSA = First coming year's obsolescence cost 
OBSG = Obsolescence cost gradient 
MANC = First coming year's maintenance cost 
R5 = Maintenance cost growth rate 
ACEC = First coming year's accessory cost 
R6 = Accessory cost growth rate 
TINC = First coming year's taxes and Insurance cost 
R7 = Taxes and Insurance cost decay rate 
OHLA = Overhaul cost 
N8 = Years from now to next overhaul 
N81 = Years between overhauls 
DL = Depreciation life 
DA = Defenders age 
PNSV = Present net salvage value 
Challen2er: 
CCN = Present purchase price 
CRI = Rate of decline of salvage value 
CRPA = First year's repair cost 
CRPG = Repair cost gradient 
CTRA = First year's tire cost 
CTRG = Tire cost gradient 
CDTA = First year's downtime cost 
CDTG = Downtime cost gradient 
COBA = First year's obsolescence cost 
COBG = Obsolescence cost gradient 
CMNC = First year's maintenance cost 
CR5 = Maintenance cost growth rate 
CACC = First year's accessory cost 
CR6 = Accessory cost growth rate 
CTNC First year's taxes and Insurance cost 
CR7 Taxes and Insurance cost decay rate 
COHA Overhaul cost for first overhaul 
L8 Years until next overhaul 
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L81 = Years between overhauls 
DL = Depreciation life 
General: 
i= Investment rate 
R= Inflation rate 
TX = Income tax bracket 
ITC = Investment tax credit rate 
283 
AP? ENDIX C 
DATA SHEETS USED FOR COLLECTING EQUIPMENT DATA 
C. 1 Data Sheet Used For Collecting Failure Times of Equipment 
C. 2 Data Sheet Used for Collecting Repair Times of Equipment 
C. 3 Data Sheets Used for Collecting Revenue, Costs and Other 
Information of Equipment for the Replacement Model 
284 
CA Data Sheet Used For Collecting Failure Times of Equipment 
Organisation: Lanka Machine Leasers 
Equipment No: MECT 18 9 Type: Crawler Tractor 
Make& Model: Komatsu D85 Age: 6 years 
Failure Working Hours Repair Type 
Number Since Last Repair Field/Shop 
16F 
---------- ------------------ 
120 
----------- I ------------------- 
28 
----------- 9 ------------------ 
28 
----------- v ------------------ 
51 63 
----------- I ------------------- 
16 
----------- P ------------------ 
90 
----------- t ------------------ 
81 24 
Descripiion of the 
Repair 
Track 
---------------- 
F 
F 
F 
F 
---------------- 
F 
---------------- 
F 
---------------- 
S 
----------- p ------------------ 
14 
------------------------------ 
10 1 20 
---------- ------------------ 
11 1 31 
---------- 4 ------------------ 
12 1 10 
F 
--------------- 
F 
---------------- 
F 
---------------- 
F 
---------- 4 ------------------ 
13 1 65 
----------- & ------------------ 
14 1 70 
---------- 4 ------------------ 
F 
F 
Engine 
-------------------- 
Engine 
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Engine 
Track 
Track 
Unspecified 
Engine 
Radiator 
Engine 
Attachments 
-------------------- 
Attachments 
-------------------- 
Engine 
-------------------- 
Transmission 
C. 2 Data Sheet Used for Collecting Repair Times of Equipment 
Organisation: Cement Corporation 
Equipment No: FEL 2 
Make& Model: Kawasaki KSS 85 Z 
Type: Wheel Loader 
Age: 4 years 
Type of Repair: Front Huh Repair Field/Shop: Shop 
Date: 24/3/89 JobNo: 41--iof; 
Number of Clock Hours for the Repair: 02 
(Not the waiting time for repair or 
waiting for spare parts/materials) 
LABOUR: 
No. of People in the Gang: 3 
No. of Fitter hours: 02 (1 x 021 
No. of Welder hours: 
No. of Electridan hours: 
No. of Unskilled Labourer hours: 04 (2 x 021 
....................................... 
....................................... 
TOOLS / EQUEPMENT: 
No. of Lathe nVc hours: 
No. of Nfilling nVc hours: 
No. of Welding nVc hours: 
............................... 
............................... 
............................... 
MATERLALS / SPARE PARTS: 
............................... 
............................ o..: 
............................... 
............................... 
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C. 3 Data Sheets Used for Collecting Revenue, Costs and Other 
Information of Equipment for the Replacement Model 
Cumulative Costs. Revenue and Use of Equipment 
Equipment Group: Loader/Backhoe 
Age 
(Months) 
3 
Make& Model: JCB 3C 
Cumulative Cumulative Cumulative 
Maintenance Overhead Revenue 
Cost (f) Cost W (f. ) 
125 351 2432 
Cumulative 
Use 
(weeks) 
10.3 
----------------------- v ---------------------------- I --------------- 
6 354 759 5062 21.5 
-----------------------9 -- ------------P--------------a--------------- 
9 527 1 1115 7356 31.3 
-----------------------t---------------------------I--------------- 
12 818 1 1559 9940 42.3 
-----------------------r----------- --- 4--------------&--------------- 
15 1288 1 1971 12029 51.2 
1 ------------ I ------------- r -------------- t -------------- 
18 1714 1 2319 14014 59.6 
1 ------------ I ------------- T, ------------- I --------------- 
21 2054 1 2637 16266 69.2 
4--------------------------P--------------I--------------- 
24 2697 1 3128 18189 77.4 
4------------ It -------------F--------------I--------------- 
27 3162 1 3519 20325 86.5 
---------------------- v ------------- -------------- I --------------- 
30 3572 1 3914 22220 94.5 
---------- ------------ V ------------- + -------------- I --------------- 
33 4123 1 4356 24536 104.4 
----------I-------------, ------------ -- 1ý --------------I--------------- 
36 4783 1 4664 26315 111.9 
------------ ------------ ------------- -------------- 
39 - 4896 1 5049 28083 119.5 
---------- , ------------- , ----------------------------- b --------------- 
42 5114 1 5213 29593 125.9 
1 ------------ I ------------- 'r ------------- -------------- 
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Estimated Annual Costs. Revenue. Availability and Other Information: 
Equipment Group: Loader/Backhoe Make& Model: JCB 3C 
Present Purchase Price or Resale Value: E 23000 (new) 
Age 
(years) 
Resale Value 
(f) 
Revenue 
(f) 
Rep. & Main 
Cost (f) 
Overhead 
Cost W 
Availability 
(weeks) 
1 16100 
------------ 
9940 
----------- 
818 
-------- 
1559 42.3 
-------- 
2 13800 8249 
---------- 
----- 
1879 
----- 
----------- 
1569 
------------ 
35.1 
-------- 
3 
------------ 
11500 
---- 
- 
8126 
--------- 
-------- 
2086 
- 
----------- 
1536 
------------ 
34.5 
-------- 
4 
-------- - 
9200 
----------- 
- - 
6219 
----------- 
------------ 
1724 
--- 
----------- 
1182 
------------ 
26.5 
-------- 
5 
------- 
-- 
6900 
------------ 
4696 
----------- 
---------- 
1301 
------------- 
----------- 
893 
--------- 
I 
------------ 
20.0 
------------ 
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A?? EHDIX D 
FAILURE DATA OF EQUIPMENT, DELAY TIME 
DISTRIBUTION FOR THE CASE STUDY AND DOWNTIMES 
OBTAINED FROM THE MAINTENANCE MODEL 
D. 1 Introduction 
D. 2 Mean Time To Failure (MTTF) of Equipment 
D. 3 Results of the Regression Analysis for the MTTF of Crawler 
Tractors 
DA Delay Times for the Czse Study and Downtimes obtzined 
from the Mzintenznce Model 
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D. 1 Introduction 
The Mean Times To Failure (MTTF) of all equipment considered in the failure data 
analysis (Chapter 5) are presented in Section D. 2. Section D. 3 presents the statistical 
tests performed to check the corelation between MTTF and the other parameters such 
as age, size and make of Crawler Tractors. 
Input parameters for the Case Study selected for the Maintenance model are given in 
Section DA The model downtimes obtained for different repair crew sizes are also 
presented in this section. 
D. 2 Mean Time To Failure (MTTF) of Equipment 
Table D. I Mean Time To Failure (MTTF) of Equipment obtained from 
the Failure Time Distributions 
Type of Equipment MTrF 
Equipment Number (Hours) 
Crawler 1 75.9 
Tractor 3 58.7 
5 51.1 
7 85.1 
9 152.7 
11 109.7 
13 170.6 
15 14.7 
17 101.0 
19 58.9 
21 103.9 
23 37.2 
Equipment N= 
Number (Hours) 
2 76.3 
4 134.1 
6 68.4 
8 85.9 
10 41.0 
12 83.8 
14 83.5 
16 48.2 
18 52.7 
20 41.2 
22 58.6 
24 44.6 
------------------------------------------------- 
Motor 1 45.1 
Gmder 3 49.9 
5 62.3 
7 81.5 
------------------------------------ 
2 15.7 
4 65.3 
6 58.2 
8 43.6 
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Table D. 1 Continued. 
Type of Equipment MTIT 
Equipment Number (Hours) 
Moror 1 25.4 
Scraper 3 117.3 
5 102.8 
7 63.8 
9 65.8 
Wheel 1 102.6 
Loader 3 114.3 
5 55.6 
7 73.1 
9 68.2 
11 55.9 
------------------------------------------------- 
Hydraulic 1 86.1 
Excavator 3 94.1 
5 62.6 
------------------------------------------------- 
Dump Truck 1 98.2 
3 78.7 
5 87.7 
7 90.5 
9 68.6 
11 80.9 
13 88.1 
Equipment N= 
Number (Hours) 
2 145.5 
4 38.6 
6 53.7 
8 111.7 
------------------------------------ 
2 92.1 
4 37.5 
6 55.3 
8 58.9 
10 96.5 
12 61.3 
-------------------------------------- 
2 94.5 
4 78.5 
-------------------------------------- 
2 116.1 
4 69.5 
6 103.6 
8 82.3 
10 69.3 
12 109.3 
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D. 3 Results of the Regression Analysis to rind the Relationship 
between Age and MTTF of Equipment 
Table D. 2 Analysis of Variance for Variables in the Order Fitted 
Source Sum of Squares DF Mean Square F-Ratio, P-Value' 
age 14919.1535 1 14919.153 18.07 . 0005 
EýM make 981.9270 2 490.963 . 59 . 5628 
IND size 3024.7896 3 1008.263 1.22 . 3324 
Model 18925.8701 6 
Table D. 3 Stepwise Analysis with Age as the only Parameter 
Selection: Forward Maximum steps: 500 F-to-enter: 4.00 
Control: Manual S tep: 1 F-to-remove: 4.00 
R-squared: 0.45263 Adjusted: 0.42775 MSE: 820.078 d. f. : 22 
Variables Coeff. F-Remove Variables P-Corr. F-Enter 
in Model Not in Model 
1. age -14.4619 18.1924 2. IND make 0.1385 0.4109 
3.0.2272 1.1430 
4. IND size 0.3488 2.9081 
5.0.0314 0.0208 
6.0.1793 0.6977 
Table DA Stepwise Analysis with Age, Make as the Parameters 
Selection: Forward Maximum steps: 500 F-to-enter: 4.00 
Control: Manual Step: I F-to-remove: 4.00 
R-squared: 0.48242 Adjusted: 0.40479 MSE: 852.989 dl : 20 
Variables Coeff. F-Remove 
in Model 
1. age -14.5811 16.2207 
2. IND make 3.7469 0.0594 
3. -28.1859 0.7452 
Variables P-Corr. F-Enter 
Not in Model 
4. IND size 0.3584 2.8006 
5.0.0658 0.0826 
6.0.1626 0.5162 
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Table D. 5 Step wise Analysis with Age, Make and Size as the Parameters 
Selection: Forward Maximum steps: 500 F-to-enter: 4.00 
Control: Manual Step: 1 F-to-remove: 4.00 
R-squared: 0.57419 Adjusted: 0.42319 MSE: 825.588 d. f.: 17 
Variables Coeff F-Remove Variables P-Corr F-Enter 
in the Model Not in the Model 
1. age -19.9719 12.7066 
2. IND make -2.7924 0.0270 
3. -21.7399 0.3829 
4. IND size 49.5682 3.0815 
5.16.1495 0.8375 
6.15.1370 0.1976 
DA Delay Times for the Case Study and Equipment Downtimes 
obtained from the Maintenance Model 
Table D. 6 Delay Time Distribution for the Case Study 
Delay (hours) % 
0-1 39 
1-2 31 
2-3 16 
3-4 11 
4-8 3 
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Table D. 7 Model Downtimes for Different Sizes of Repair Crew 
Equipment 
1- 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Average Downtime in hours for a crew size of 
369 12 15 
personnel personnel personnel personnel personnel 
360.1 131.7 71.3 63.3 61.0 
716.8 326.2 Z27.5 211.3 208.7 
868.9 541.3 482.2 468.6 466.5 
867.2 504.3 433.4 416.1 415.8 
866.2 560.2 499.3 491.3 489.5 
728.9 427.6 362.9 354.6 352.4 
654.5 285.4 207.6 190.5 187.7 
613.2 251.3 172.6 158.6 154.5 
516.4 182.6 99.0 84.6 78.8 
461.5 157.0 82.8 69.3 65.7 
499.0 171.1 89.9 73.9 70.4 
Table D. 8 Model Downtimes for the New Equipment Fleet 
Equipment 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Average Downtime in hours for a crew size of 
369 12 
personnel personnel personnel personnel 
118.6 63.9 60.6 59.8 
105.9 50.2 46.5 45.3 
145.2 81.8 78.3 77.6 
166.6 92.1 84.5 84.0 
226.3 157.0 151.7 151.5 
209.5 142.7 139.6 139.2 
211.2 159.5 154.9 151.4 
177.0 117.5 112.4 111.5 
118.2 63.9 56.2 55.9 
116.2 64.4 57.5 56.2 
130.6 65.4 60.7 59.3 
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Table D. 9 Model Downtimes for Seventeen Equipment (New Extra Equipment) 
Equipment Average Downtime in hours for a crew size of 
Number 369 12 15 
personnel personnel personnel personnel personnel 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
450.1 168.1 85.9 63.9 61.8 
830.9 385.8 246.2 211.6 209.8 
992.3 596.1 498.3 472.7 468.5 
999.8 562.9 439.2 418.2 417.6 
1006.5 615.3 510.7 486.7 487.7 
836.5 466.8 368.3 351.2 343.4 
768.8 343.9 222.3 193.9 185.6 
728.7 310.3 184.3 158.9 152.8 
629.4 229.4 111.2 89.7 82.0 
560.8 205.9 100.6 72.5 67.8 
596.6 222.7 104.3 78.3 72.9 
588.2 260.1 174.6 154.6 149.8 
600.2 225.4 139.9 113.5 109.8 
513.0 180.1 89.1 61.9 58.5 
508.3 172.2 85.9 60.8 56.9 
554.3 176.0 88.3 65.6 60.2 
659.4 268.6 170.4 144.0 141.2 
295 
Table D. 10 Model Downtimes for Seventeen Equipment (Old Extra Equipment) 
Equipment Average Downtime in hours for a crew size of 
Number 369 12 15 
personnel personnel personnel personnel personnel 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
495.6 181.7 93.1 70.0 59.7 
893.5 425.1 264.0 221.3 210.0 
1046.5 647.3 500.3 483.2 473.2 
1066.6 613.9 461.7 424.9 412.7 
1048.5 644.1 518.2 494.2 487.2 
886.8 497.2 379.1 354.0 347.5 
802.1 374.9 236.1 199.8 187.3 
773.9 338.6 198.2 165.1 156.0 
714.7 269.3 126.5 93.5 82.5 
646.2 241.3 113.8 78.0 70.2 
659.5 250.0 116.5 82.1 73.3 
826.3 393.1 238.9 199.0 188.0 
788.0 345.1 201.3 162.4 156.2 
710.0 264.8 129.0 93.4 83.4 
593.3 244.2 109.9 77.4 70.0 
641.5 271.4 117.6 84.6 75.8 
865.8 507.0 384.8 348.9 342.7 
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A? PENDIX E 
INTEREST FORMULAE AND STATISTICAL TESTS 
E. I Introduction 
E. 2 Interest Formulae used in Discounted Cash Flow 
H. 3 Chi-Squzre (C-S) Goodness of Fit Test 
EA Kolmogorov-Smimov (K-S) Test 
E. 5 Wilcoxon Signed Rznk Test 
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E. 1 Introduction 
The interest formulae used for determining input parameters of the Replacement 
model (Chapter 8) are described in this appendix. Table EA shows the discounting 
factors calculated using the interest formulae for a discounting rate of 15% 
The statistical tests performed on the equipment failure data (Chapter 5) and the 
validation of the Maintenance model (Chapter 9) are also presented in this appendix. 
E. 2 Interest Formulae used in Discounted Cash Flow 
The interest formulae given in this section apply to the common situation of annual 
compounding interest and annual payments. The following symbols are used in the 
interest formulae: 
i= the annual interest rate; 
n= the number annual interest periods; 
P=a present principal sum; 
A= a single payment, in a series of n equal payments, made at the end of 
each annual interest period; 
F= a future sum, n annual interest periods, hence, equal to the compound 
amount of a present sum P., or equal to the sum of the compound amount 
of payment, A in a series. 
Single - Payment Compound Amount Factor: 
If an amount of P is invested now and earns at the rate of i per year, the amount of 
money gained (principal plus interest) can be given by: 
F=P (I+i) n 
where (1+i) n is called the Single Payment Compound Amount factor. 
Single - Payment Present Worth Factor (PWF) 
This is the factor used to find the present worth, P, of a future amount F, for the 
investment described in Figure E. I. The Single -Payment Compounding-Amount 
relationship given above can be solved for P as follows: 
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ri P=F] 
The resulting factor, I/ (1+i) n, is called the Single Payment Present Worth factor. 
P 
1' ri n 
Figure E. I Present Worth P of a Future Amount F 
Egual Payment Series Compound Amount Factor: 
In many engineering economy studies, it is often necessary to find the single future 
value that would accumulate from a series of equal payments occurring at the end of 
succeeding interest periods. Such a series of cash flow is presented in Figure E. 2. 
F 
ri-i I 
A 
Figure E. 2 Future Amount F of a Annual Series Payment A 
'Me relationship between A and F can be given by: 
F=A 
The factor, [ (I+i) n- 11/i, is known as the Equal Payment Series Compound 
Amount factor. 
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Equal Payment Series Sinking Fund Factor (SFF): 
This is the factor which gives the required end-of-period payment, A, to accumulate a 
future amount, F, in n years as shown in Figure E. 2. 
The Equal Payment Series Compound Amount relationship given above can be 
solved for A as follows: 
A=F 
The resulting factor, i/ [(l+i) n -11, is called the ýqual Payment SinIdng Fund Factor. 
Equal Payment Series Capital Recovery Factor (CRF): 
A deposit of amount P is made now -at annual rate i. The depositor wishes to 
withdraw the principle plus earned interest in a series of equal year-end amountis of A 
over the next n years. 
AAAAA 
1 rl-l 
E. 3 Annual Series Payment A of a Present Amount P 
Then the relationship between P and A can be given as follows: 
i (1+i) n 
A=P (I+i)n _1 
The factor, i (I+i) n/ [(I+i) n- 11, is called the Equal Payment Series Capital 
Recovery Factor. 
EQual Payment Series Present Worth Factor: 
To find what single amount must be deposit now so that equal end-of-period 
payments can be made, P, must be found in terms of A. 
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The Equal Payment Seies Capital Recovery Factor given above can be solved as 
follows: 
[ (, +i)n _1 
i (, +jýn 
The resulting factor, [(l+i) n- 1]/ i(l+i) n, is known as the Equal Payment 
Series Present Worth Factor. 
Table E. 1 15% Interest Factors for Continuous Compounding 
Single Payment Equal Payment Series Uniform 
Compound- Present- Compound- Sinking- Present- Capital- gradient- 
amount worth amount fund worth recovery series 
n factor factor 
I 
factor factor factor factor factor 
To find F To find F To find F To find A To find P To find A To find A 
Given P Given F Given A Given F Given A Given P Given G 
I FIP, r, n PIF, r. n FIA, r, n AlF, r, n PIA, r, n AIP, r, n AIG, r, nI 
1 1.162 0.8607 1.000 1.0000 0.8607 1.1618 0.0000 
2 1.350 0.7408 2.162 0.4626 1.6015 0.6244 0.4626 
3 1.568 0.6376 3.512 0.2848 2.2392 0.4466 0.9004 
4 1.822 0.5488 5.080 0.1969 2.7880 0.3587 1.3137 
5 2.117 0.4724 6.902 0.1449 3.2603 0.3067 1.7029 
a 2.460 0.4066 9.019 0.1109 3.6669 0.2727 2.0685 
7 2.858 0.3499 11.479 0.0871 4.0168 0.2490 2.4110 
8 3.320 0.3012 14.336 0.0698 4.3180 0.2316 2.7311 
9 3.857 0.2593 17.657 0.0566 4.5773 0.2185 3.0295 
10 4.482 0.2231 21.514 0.0465 4.8004 0.2083 3.3070 
11 5.207 0.1921 25.996 0.0385 4.9925 0.2003 3.5645 
12 6.050 0.1653 31.203 0.0321 5.1578 0.1939 3.8028 
13 7.029 0.1423 37.252 0.0269 5.3000 0.1887 4.0228 
14 8.166 0.1225 44.281 0.0226 5.4225 0.1844 4.2256 
15 9.488 0.1054 52.447 0.0191 5.5279 0.1809 4.4119 
16 11.023 0.0907 61.935 0.0162 5.6186 0.1780 4.5829 
17 12.807 0.0781 72.958 0.0137 5.6967 0.1756 4.7394 
18 14.880 0.0672 85.765 0.0117 5.7639 0.1735 4.8823 
19 17.288 0.0579 100.645 0.0099 5.8217 0.1718 5.0127 
20 20.086 0.0498 117.933 0.0085 5.8715 0.1703 5.1313 
21 23.336 0.0429 138.018 0.0073 5.9144 0.1691 5.2390 
22 27.113 0.0369 161.354 0.0062 5.9513 0.1680 5.3367 
23 31.500 0.0318 188.467 0.0053 5.9830 0.1672 5.4251 
24 38598 0.0273 219.967 0.0046 6.0103 0.1664 5.5050 
25 42.521 00235 256.566 0.0039 6.0339 0.1657 5.5771 
26 49.402 0.0203 299.087 0.0034 6.0541 0.1652 5.6420 
27 57.397 0.0174 348.489 0.0029 6.0715 0.1647 5.7004 
28 66.686 0.0150 405.886 0.0025 6.0865 0.1643 5.7529 
29 77.478 0.0129 472.573 0.0021 6.0994 0.1640 5.8000 
30 90.017 0.0111 550.051 0.0018 6.1105 0.1537 5.8422 
31 104.585 0.0096 640.063 0.0016 6.1201 0.1634 5.8799 
32 121.510 0.0082 744.653 0.0014 6.1283 0.1632 5.9136 
33 141.175 0.0071 866.164 0.0012 6.1354 0.1630 5.9438 
34 164.022 0.0061 1007.339 0.0010 6.1415 0.1628 5.9706 
35 190.566 0.0053 1171.361 0.0009 6.1467 0.1627 5.9945 
40 403.429 0.0025 2488.673 0.0004 6.1639 0.1622 6.0798 
45 854.059 00012 5271.188 0.0002 6.1719 0.1620 6.1264 
/50 1808.042 0.0006 1 11166.008 1 0.0001 1 6.1758 1 0.1619 1 6.1515 
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E. 3 Chi Square (C-S) Goodness of Fit Test 
This test is used to find whether observed frequencies differ significantly from 
frequencies expected from an assumed model. The test requires, in general, the use 
of frequencies and not percentages. In the Chi- Square test, a null hypothesis-is 
postulated that there is no significant difference between the distributions being 
c6mpared. If the probability of the actual difference between the samples occurring 
due to chance alone is very small then the null hypothesis is rejected. However, it is 
impossible to formally prove that the null hypothesis to be correct. 
To perform the Chi- Square test, each expected class frequency fe is compared with 
the observed frequency fo and for each class the term: 
(ý-f )2 
e 
is computed. 
The Chi-Square statistic is defined as: 
x2 
(fo fe) 2 
e 
If the null hypothesis is true, then the deferences between fo and f. should be small 
and X2 statistic will be small. If the differences are large, then the fit between what 
is observed and what is expected is not good and the X2 statistic will be large. 
Once the X2 statistic has been calculated it can be compared to the critical X2 value. 
If the null hypothesis is true, the calculated X2 . should not exceed the critical value 
given in Table E. 2. The degrees of freedom (d. f) value given in Table E. 2 is equal to 
the number of classes minus 1. Before comparing the tabulated and the calculated 
values, the appropriate significance level or the probability should be determined. It 
is usual to check the goodness of fit at the 5% or 1% level of significance. 
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EA Kolmogorov - Smirnov (K-S) Test 
It is possible to adapt the Chi Square test for the purpose of determining the 
goodness of fit of continuous distributions. However, the procedure becomes 
subjective. because the continuous random variables does not provide classes or 
categories into which one can group the available data ( Kennedy & Neville, 1986). 
A more appropriate test is the Kolmogorov -Smirnov (K - S) test which is easier to 
perform and does not require a minimum expected frequency in each category. 
Unlike the C-S test, which compares data in groups categories, the K-S test 
compares the original data with the characteristics of a theoretical model hypothesized 
independently of the observed data. The test depends on the absolute deviation , D, 
between the hypothesized (theoretical) and observed cumulative relative frequencies. 
The statistic D for the K-S test can be expressed as : 
n 
D= Max lFi, Sil 
i =1 
where Fi is the theoretical cumulative distribution function and Si is the observed 
cumulative frequency. 
The distribution of this random sample statistic is independent of the hypothetical 
distribution of the variate; the sample size n is its only parameter. The null 
hypothesis is stated as Ho :x has the. assumed distribution, against the alternative 
hypothesis, H1 : the distribution of x is other than the assumed one. if the value D 
given above exceeds the tabulated values of Dcrit (based on chance) given in Table 
E. 3, then the assumed theoretical distribution is rejected at the specified level of 
significance a (usually 0.05 or 0.01). Otherwise the null hypothesis is accepted and 
there is no significant difference between the theoretical distribution and the 
observed distribution. 
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E. 5 Wilcoxon Signed Rank Test (Neter et al. - 1988) 
In usual statistical estimation and testing procedures, heavy reliance is placed on the 
assumption that the underlying population is of a particular form , for example, 
normal. When little can be assumed about the nature of the population at least the 
sample size must be considerably large. - Therefore, if the distribution of a 
population is unknown and the sample size is small, the non-parametric or 
distribution-free tests can be used. These tests require only minimal assumptions 
about the population and can be used for small as well as large sample sizes. 
Wilcoxon Signed Rank Test is a non-parmetric method and can be used for 
comparing two populations based on matched samples. Matched samples involve the 
pairing of sample observations Xi and Yi from two populations and the test is based 
on the differences Di = Yi - Xi for matched pairs. In this test 11D is taken as the 
median of the population of differences (Di). Therefore, in this test if there is no 
significant difference between the two populations Xi and Yi, then the value Of 11D 
should become zero. 
There are two assumptions made in the analysis; these are: (1) the population of 
differences Di is continuous, and (2) the n differences are a random sample from the 
population differences. 
The test statistic for Wilcoxon test is calculated as follows: 
(1). Obtain the absolute differences Di I and rank them. 
(2). To each rank, attach a plus sign or minus sign according to wether Di is 
positive or negative, respectively. 
(3). Sum the signed ranks, and denote the sum by T. 
The null hypothesis is HO: 71D" 0 and the alternative hypothesis is HI: 71D* 0- 
When a random sample of n differences is selected from a symmetrical population of 
differences with 11Dý 0, the sampling distribution of T has mean and variance: 
2n (n+l)(2n+l) E[T) =0 (T) =6 
Tables os the exact sampling distribution of T for different sample sizes are available 
but are not needed unless n is very small. If n is sufficiently large, the sampling 
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distribution of T is approximately normal. As a working rule, the normal 
approximation is adequate when the sample size (n) is 10 or more. 
When the number differences is sufficiently large, the Wilcoxon test is based on the 
standardized test statistic: 
Z* 
T-0 
(Y(T) 
Z* follows approximately a standard normal distribution. Now the critical value for 
Z* can be found from the standard normal distribution tables for a required level of 
significance (usually 5%). If the absolute value of Z* is less than this critical value 
then the null hypothesis is accepted. Otherwise, it is rejected and and the alternative 
hypothesis is accepted. 
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UNPUT DATA AND COM? UTER OUT? UT OF THE 
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Annual Profit Curves for Equipment 
FA Computer Print-out of the LPAP Replacement Model and the 
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F. 1 Introduction 
The information used in applying the Replacement model to the Case Study is 
presented in this appendix. Section F. 2 provides the total number of equipment items 
of each equipment group owned by the company studied. The cumulative 
maintenance/repair cost, revenue and resale value curves (Section F. 3) were used to 
determine the input parameters of the model. The curves giving the variation of use 
with the age of equipment were useful in constructing the Work 
Requirement/Demand constraints. In addition, the Equivalent Annual Profit curves 
for equipment items are also presented. These Equivalent Annual Profit curves give 
the optimum age for new equipment of each group. A computer print-out of the the 
LPAP replacement model and the optimum solution is given in Section FA and 
finally the inflation rates used for the revenues of different equipment groups are 
presented in Section F-5. 
F. 2 Number of Equipment of Each Type Owned by the Company 
Studied 
Table F. 1 Number of Equipment owned by the Company between 1986 and 1990 
Type of 
Equipment 
Crawler 
Loader 
Wheel 
Loader 
Loader/ 
Backhoe 
3600 Hyd. 
Excavator 
3600 Hyd. 
Excavator 
Equipment 
I. - 
_Group 
A 
B 
C 
D 
Number of Equipment owned in 
1986 1987 1988 1989 1990* 
22 18 21 25 15 
2 
.2444 
19 31 30 29 15 
23443 
8 10 18 20 15 
87786 
14688 
E 
Rubber Tyred IF 
3600 Hyd. Exd. 
Crane 
Dumper 
G 
H 49 58 93 72 59 
number of equipment owned by the company at the time of study 
12 15 18 21 24 27 30 33 36 39 42 
Age (months) 
FigureF. 1 Cumulative Repair and Maintenence Cost vs. Age for Equipment Group A 
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Figure F. 2 Cumulative Repair and Maintenance Cost vs. Age for Equipment Group B 
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Age (months) 
Figure F. 3 Cumulative Repair & Maintenance Costs vs. Age for Equipment Group C 
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Figure FA Cumulative Repair & Maintenance Costs vs. Age for Equipment Group D 
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12 15 18 21 24 27 30 33 36 39 42 
Age (months) 
Figure F. 5 Cumulative Repair & Maintenance Costs vs. Age for Equipment Group E 
12 15 
118 
21 24 27 30 33 36 39 42 45 48 
Age (months) 
Figure F. 6 Cumulative Repair & Maintenance Costs vs. Age for Equipment Group F 
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Age (months) 
Figure F. 7 Cumulative Repair & Maintenance Costs vs. Age for Equipment Group G 
03 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 
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Figure F. 8 Cumulative Repair & Maintenance Costs vs. Age for Equipment Group H 
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12 15 18 21 24 27 30 33 36 39 42 45 48 
Age (months) 
Figure F. 9 Cumulative Revenue vs. Age for Equipment Group A 
03 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 
Age (months) 
Figure F. 10 Cumulative Revenue vs. Age for Equipment Group B 
312 
. 
12 15 18 21 24 27 30 33 36 39 42 45 48 
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Figure F. 11 Cumulative Revenue vs. Age for Equipment Group C 
Age (months) 
Figure F. 12 Cumulative Revenue vs. Age for Equipment Group D 
313 - 
12 15 18 21 24 27 30 33 36 39 42 45 48 
Age (months) 
Figure F. 13 Cumulative Revenue vs. Age for Equipment group E 
Age (months) 
Figure F. 14 Cumulative Revenue vs. Age for Equipment Group F 
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3 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 
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Figure F. 15 Cumulative Revenue vs. Age for Equipment Group G 
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Figure F. 16 Cumulative Revenue vs. Age for Equipment Group H 
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Figure F. 17 Resale Value vs. Age for Equipment Group A 
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Figure F. 18 Resale Value vs. Age for Equipment Group B 
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Figure F. 19 Resale Value vs. Age for Equipment Group C 
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Figure F. 20 Resale Value vs. Age for Equipment Group D 
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Figure F. 21 Resale Value vs. Age for Equipment Group D 
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Figure F. 22 Resale Value vs. Age for Equipment Group F 
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Figure F. 23 Resale Value vs. Age for Equipment Group G 
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Figure F. 24 Resale Value vs. Age for Equipment Group H 
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Figure F. 25 Cumulative Use vs. Age for Equipment Group A 
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Figure F. 26 Cumulative Use vs. Age for Equipment Group B 
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Figure F. 27 Cumulative Use vs. Age for Equipment Group C 
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Figure F. 28 Cumulative Use vs. Age for Equipment Group D 
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Figure F. 29 Cumulative Use vs. Age for Equipment Group E 
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Figure F. 30 Cumulative Use vs. Age for Equipment Group F 
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Figure F. 31 Cumulative Use vs. Age for Equipment Group G 
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Figure F. 32 Cumulative Use vs. Age for Equipment Group H 
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Figure F. 33 Equivalent Annual Profit Curve for a New Equipment Item of Type A 
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Figure F. 34 Equivalent Annual Profit Curve for a New Equipment Item of Type B 
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Figure F. 35 Equivalent Annual Profit Curve for a New Equipment Item of Type C 
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Figure F. 36 Equivalent Annual Profit Curve for a New Equipment Item of Type D 
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Figure F. 37 Equivalent Annual Profit Curve for a New Equipment Item of Type E 
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Figure F. 38 Equivalent Annual Profit Curve for a New Equipment Item of Type F 
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Figure F. 39 Equivalent Annual Profit Curve for a New Equipment Item of Type G 
1200- 
1000- 
800- 
600- 
4001 
200 
3456 
Age (years) 
Figure F. 40 Equivalent Annual Profit Curve for a New Equipment Item of Type H 
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FA Computer Print-out of the LP/IP Replacement Model and the 
Optimum Solution 
MAX 111 Al + 2094 A2 + 2094 A3 + 2094 A4 + 7073 A5 + 7073 A6 
+ 9375 A7 + 9311 A8 + 9311 A9 + 8268 A10 + 8268 All + 7811 A12 
+ 6897 A13 + 6440 A14 + 6440 A15 + 5655 NA + 2137 B1 + 3101 B2 
+ 9891 B3 + 10640 B4 + 11899 NB - 1104 C1 + 704 C2 + 995 C3 
+ 1228 C4 + 1285 C5+ 1285 C6 + 1563 C7 + 1563 C8 + 1563 C9 
+ 1749 C10 + 1749 C11 + 1749 C12 + 1749 C13 + 1842 C14 
+ 1934 C15 + 1509 NC + 7290 D1 + 9393 D2 + 17178 D3 + 13837 ND 
+ 6993 El + 8188 E2 + 7925 E3 + 8215 E4 + 8215 E5 + 8215 E6 
+ 8404 E7 + 8404 E8 + 8404 E9 + 8593 E10 + 8781 Ell + 8545 E12 
+ 8350 E13 + 8350 E14 + 8154 E15 + 7473 NE + 2537 F1 
+ 4361 F2 + 4361 F3 + 4921 F4 + 8260 F5 + 7615 F6 + 5637 NF 
+ 9158 Gl + 19280 G2 + 21370 G3 + 20526 G4 + 22014 G5 
+ 22256 G6 + 21818 G7 + 18957 G8 + 18419 NG - 131 Hl + 533 H2 
+ 1214 H3 + 1222 H4 + 1329 H5 + 1266 H6 + 1311 H7 + 1356 H8 
+ 1401 H9 + 1371 H10 + 1331 H11 + 1251 H12 + 1174 H13 
+ 1128 NH 
SUBJECT TO 
2) 15 Al + 18 A2 + 18 A3 + 18 A4 + 36 A5 + 36 A6 + 37 A7 
+ 38 A8 + 38 A9 + 40 A10 + 40 All + 40 A12 + 41 A13 + 41 A14 
+ 41 A15 + 42 NA 2: 538 
3) 23 Bl + 24 B2 + 37 B3 + 37 B4 + 50 NB 145 
4) 12 Cl + 22 C2 + 23 C3 + 26 C4 + 27 C5 + 27 C6 + 28 C7 
+ 28 C8 + 28 A+ 29 C10 + 29 Cll + 29 C12 + 29 C13 + 30 C14 
+ 31 C15 + 42 NC A 515 
5) 31 Dl + 37 D2 + 46 D3 +. 47 ND Z! 114 
6) 29 El + 31 E2 + 31 E3 + 31 E4 + 31 E5 + 31 E6 + 32 E7 
+ 32 E8 + 32 E9 + 33 E10 + 33 Ell + 38 E12 + 39 E13 + 39 E14 
+ 39 E15 + 40 NE 2: 501 
7) 17 Fl + 23 F2 + 23 F3 + 24 F4 + 33 F5 + 40 F6 + 40 NF 
'? - 192 
8) 44 GI + 44 G2 + 44 G3 + 44 G4 + 44 G5 + 44 G6 + 44 G7 
+ 44 G8 + 44NG 352 
9) 18 Hl + 22 H2 + 35 H3 + 35 H4 + 36 H5 + 36 H6 + 37 H7 
+ 38 HS + 38 H9 + 39 H10 + 40 Hll + 40 H12 + 40 H13 + 41 NH 
'2 2070 
10) Hl <1 
11) H2 :52 
12) H3 :5 10 
13) H4 <1 
14) H5 <9 
15) H6 :5 12 
16) H7 <4 
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17) H8 :55 
18) H9 <4 
19) H10 <1 
20) Hll :53 
21) H12 :55 
22) H13 :52 
23) Al + A2 + A3 + A4 + A5 + A6 + A7 + A8 + A9 + A10 + All 
+ A12 + A13 + A14 + A15 + NA 5 15 
24) Bl + B2 + B3 + B4 + NB <4 
25) Cl + C2 + C3 + C4 + C5 + C6 + C7 + C8 + C9 + CIO + Cll 
+ C12 + C13 + C14 + C15 + NC :5 15 
26) Dl + D2 + D3 + ND :53 
27) El + E2 + E3 + E4 + E5 + E6 + E7 + E8 + E9 + E10 + Ell 
+ E12 + E13 + E14 + E15 + NE :5 15 
28) Fl + F2 + F3 + F4 + F5 + F6 + NF :56 
29) Gl + G2 + G3 + G4 + G5 + G6 + G7 + G8 + NG :58 
30) Hl + H2 + H3 + H4 + H5 + H6 + H7 + H8 + H9 + H10 + HII 
+ H12 + H13 + H14 + H15 + NH :9 59 
31) 22000 Al + 25000 A2 + 25000 A3 + 25000 A4 + 27000 A5 
+ 27000 A6 + 30000 A7 + 31000 A8 + 31000 A9 + 35000 A10 
+ 35000 All + 36000 A12 + 38000 A13 + 40000 A14 + 40000 A15 
+ 52250 NA + 24000 Bl + 25000 B2 + 40000 B3 + 41000 B4 
+ 57000 NB + 5500 Cl + 9750 C2 + 10500 C3 + 11500 C4 
+ 11500 C5 + 11500 C6 + 12000 C7 + 12000 C8 + 12000 C9 
+ 12500 C10 + 12500 Cll + 12500 C12 + 12500 C13 + 12500 C14 
+ 13000 C15 + 23000 NC + 45000 Dl + 47000 D2 + 60000 D3 
+ 86000 ND + 21000 El + 23000 E2 + 23500 E3 + 26000 E4 
+ 26000 E5 + 26000 E6 + 26500 E7 + 26500 E8 + 26500 E9 
+ 26500 E10 + 27000 Ell + 31000 E12 + 32000 E13 + 32000 E14 
+ 33000 EI5 + 43000 NE + 18000 Fl + 23000 F2 + 23000 F3 
+ 24500 F4 + 28000 F5 + 41000 F6 + 57500 NF + 50000 Gl 
+ 67000 G2 + 71000 G3 + 73000 G4 + 78000 GS + 80000 G6 
+ 88000 G7 + 103000 G8 + 110000 NG + 1200 Hl + 1650 H2 
+ 3200 H3 + 3700 H4 + 4350 H5 + 4400 H6 + 4500 H7 + 4550 H8 
+ 4600 H9 + 5150 H10 + 5300 Hll + 5650 H12 + 6000 H13 
+ 7900 NH - 2347350 W5 600000 
32) 
END 
INTE Al 
INTE A2 
INTE A3 
INTE A4 
INTE A5 
INTE A6 
INTE A7 
INTE A8 
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INTE A9 
INTE A10 
INTE All 
INTE A12 
INTE A13 
INTE A14 
INTE A15 
GIN NA 
INTE Bl 
INTE B2 
INTE B3 
INTE B4 
GIN NB 
INTE Cl 
INTE C2 
INTE C3 
INTE C4 
INTE C5 
INTE C6 
INTE C7 
INTE C8 
INTE C9 
INTE CIO 
INTE Cll 
INTE C12 
INTE C13 
INTE C14 
INTE C15 
GIN NC 
INTE D1 
INTE D2 
INTE D3 
GIN ND 
INTE El 
INTE E2 
INTE E3 
INTE E4 
INTE ES 
INTE E6 
INTE E7 
INTE E8 
INTE E9 
INTE E10 
INTE Ell 
INTE E12 
INTE E13 
INTE E14 
INTE E15 
GIN NE 
INTE F1 
INTE F2 
INTE F3 
INTE F4 
INTE F5 
INTE F6 
GIN NF 
INTE Gl 
INTE G2 
INTE G3 
INTE G4 
INTE G5 
INTE G6 
INTE G7 
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INTE G8 
GIN NG 
GIN Hl 
GIN H2 
GIN H3 
GIN H4 
GIN H5 
GIN H6 
GIN H7 
GIN H8 
GIN H9 
GIN H10 
GIN Hll 
GIN H12 
GIN H13 
GIN NH 
OBJECTIVE FUNCTION VALUE 
1) 628089 
VARIABLE VALUE REDUCED COST 
Al 0 -111 
A2 0 -2094 
A3 0 -2094 
A4 0 -2094 
A5 0 -7073 
A6 1 -7073 
A7 1 -9375 
AS 1 -9311 
A9 1 -9311 
A10 1 -8268 
All 1 -8268 
A12 1 -7811 
A13 1 -6897 
A14 1 -6440 
A15 1 -6440 
NA 4 -5655 
Bl 0 -2137 
B2 0 -3101 
B3 0 -9891 
B4 0 -10640 
NB 4 -11899 
Cl 0 1104 
C2 0 -704 
C3 0 -995 
C4 0 -1228 
C5 0 -1285 
C6 0 -1285 
C7 0 -1563 
C8 1 -1563 
C9 1 -1563 
Clo 1 -1749 
Cil 1 -1749 
C12 1 -1749 
C13 1 -1749 
C14 1 -1842 
C15 1 -1934 
NC 7 -1509 
Dl 0 -7290 
D2 0 -9393 
D3 1 -17178 
ND 2 -13837 
El 1 -6993 
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E2 1 -8188 
E3 1 -7925 
E4 1 -8215 
E5 1 -8215 
E6 1 -8215 
E7 1 -8404 
E8 1 -8404 
E9 1 -8404 
E10 1 -8593 
Ell 1 -8781 
E12 1 -8545 
E13 1 -8350 
E14 1 -8350 
E15 1 -8154 
NE 0 -7473 
Fl 0 -2537 
F2 0 -4361 
F3 0 -4361 
F4 0 -4921 
F5 1 -8260 
F6 1 -7615 
NF 4 -5637 
Gl 0 -9158 
G2 1 -19280 
G3 1 -21370 
G4 1 -20526 
G5 1 -22014 
G6 1 -22256 
G7 1 -21818 
G8 1 -18957 
NG 1 -18419 
Hl 0 131 
H2 0 -533 
H3 10 -1214 
H4 1 -1222 
H5 9 -1329 
H6 12 -1266 
H7 4 -1311 
H8 5 -1356 
H9 4 -1401 
H10 1 -1371 
Hll 3 -1331 
H12 5 -1251 
H13 2 -1174 
NH 3 -1128 
w10 
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F. 5 Inflation Rates for the Revenues of Equipment 
Table F. 2 Annual Inflation Rates used for the Revenues of Equipment 
Equipment 
Group 
A 
B 
C 
D 
E 
F 
G 
H 
Inflation Rate in the Year 
1989 1988 1987 1986 
7.0 6.8 4.5 2.7 
6.0 6.3 4.3 2.6 
6.0 6.3 4.3 2.6 
6.0 6.3 3.4 2.1 
6.0 6.3 3.4 2.1 
6.0 6.3 3.4 2.1 
8.0 7.2 4.8 2.9 
6.0 4.5 3.4 2.2 
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